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CHAPTER 1.  GENERAL  INTRODUCTION 
 
Perennial ryegrass (Lolium perenne L.; 2n= 2x = 14) is extensively used as a forage 
grass and a turfgrass in the temperate regions.  Because of its high palatability, digestibility 
and nutrient value, it is recognized as a premier forage for pasture, hay and silage.  It is also 
an important turfgrass species because of its rapid establishment rate and good wear 
tolerance (Hannaway et al., 1999).  However, perennial ryegrass is one of the least winter 
hardy species among all the perennial cool season grasses, survival can be risky in areas 
where severe winters with no snow occur (Hannaway et al., 1999).  Sensitivity to low 
temperature is a common problem and a limitation to perennial ryegrass cultivation, but there 
are large variations in cold tolerance among the available cultivars and germplasm.  Therefore 
it is important to understand cold-response mechanisms in perennial ryegrass and utilize this 
information to select or create cold-tolerant genotypes for adaptation to cold climates.   
Freezing tolerance is a multigenic trait that requires the expression of a number of 
genes, each of which contributes a small effect.  One aspect of freezing tolerance is the 
capacity to withstand extracellular ice formation and to avoid intracellular ice formation 
(Atici and Nalbantoglu, 2003).  Plant freezing tolerance is usually evaluated by determining 
the LT50 (°C), a temperature at which 50% of the plants survives.  This is typically done by 
assessing re-growth of freeze-thawed plants.  Alternatively, freezing tolerance can be 
assessed by measuring ion leakage (Gray et al., 1997; Xiong et al., 2007).  In many temperate 
plants, freezing tolerance can be increased by exposing plants to a period of low, non-
freezing temperatures, a phenomenon called cold acclimation (Thomashow, 1999).  Our 
freezing tolerance test showed that after two weeks of cold acclimation at 4 °C, the LT50 (°C) 
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for vegetatively propagated perennial ryegrass cv. Caddyshack decreased from -7.6 °C to -
12.2 °C (Zhang et al., 2009).  After three weeks of cold acclimation, the ion leakage at -8 °C 
was decreased from 80% to 20% for five-week old young seedlings of Caddyshack, while the 
ion leakage for the seedlings of two annual ryegrass cv. Gulf and Tur (both > 80%) did not 
change during cold acclimation (Zhang et al., 2009).  Freezing injury in most plants results 
largely from severe cellular dehydration that occurs upon ice formation.  Cellular membranes 
are the primary sites of freeze-induced injury (Thomashow, 2001).  As temperature drops 
below zero, ice crystals begin to form and grow larger with prolonged exposures to 
subfreezing temperatures.  This increases the possibility of physical damage (Griffith et al., 
1997; Atici and Nalbantoglu, 2003).  Cold acclimation is a complex process, during which 
rapid regulation of gene expression occurs and results in many biochemical and physiological 
changes including changes in lipid composition in membranes, total soluble protein content 
and increases in accumulation of cryoprotective molecules such as sugars and proline (Guy, 
1990; Thomashow, 1999; Buskirk et al., 2006).  
Comparative analysis of expressed sequence tags (ESTs) and oligonucleotide 
microarray are two of the most important methods for monitoring differentially expressed 
genes among different treatment conditions or among different tissues (Alba et al., 2004).  
Because of the limited genomic and proteomic information available in the public domain for 
perennial ryegrass, developing EST resources via cDNA library construction and sequencing 
would be an efficient method for gene discovery.  Comparative EST analysis has been used 
to study the differences of gene expression in various tissues or under different stress 
conditions to identify candidate genes implicated in a specific stress-tolerance pathway (Alba 
et al., 2004).  DNA microarray is a DNA chip-based technology that arrays DNA sequences 
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on a slide with high density.  These arrayed sequences are hybridized simultaneously to 
labeled cDNA probes prepared from RNA samples, allowing direct and large-scale 
comparative analysis of gene expression in various tissues or plants treated under different 
conditions (Seki et al., 2002).  oligonucleotide microarray has been widely used for detecting 
transcriptome changes during cold stress in many plants (Seki et al., 2001; 2002; Kreps et al., 
2002; Monroy et al., 2007). 
Ice Recrystallization Inhibition (IRI) proteins, also known as antifreeze proteins 
(AFPs) are a family of proteins capable of protecting organisms from damage under freezing 
temperatures.  AFPs have been shown to play important roles in tolerating freezing 
temperatures in many temperate plants, especially in cereal crops and grasses (Thomashow, 
1999).  Plant AFPs contain conserved repetitive IRI-domain motifs NxVxxG/NxVxG, which 
can bind to small ice crystals to inhibit ice recrystallization (Sidebottom et al., 2000; Moffatt 
et al., 2006) which is a process of forming larger ice crystals at the expense of smaller ice 
crystals.  Larger ice crystals will increase the possibility of physical damage to the membrane 
(Griffith et al., 1997; Atici and Nalbantoglu, 2003).  Plant AFPs also have the ability to 
interact with ice nucleators, which may result in inhibition of ice nucleation activity (Jia et 
al., 2002).  Overexpressing AFP genes such as a carrot AFP gene in tobacco (Fan et al., 
2002), a synthetic AFP gene in wheat (Khanna and Daggard, 2006), or a winter rye chitinase-
like AFP gene in Arabidopsis (Moffatt et al., 2006), enhanced freezing tolerance of the host 
plants.  However, other studies showed that some AFP genes have no effects on decreasing 
the freezing-induced ion leakage
 
of the host plants overexpressing the genes, (Griffith and 
Yaish, 2004).  Studies on a truncated LpIRI protein showed it has in vitro ice 
recrystallization inhibition activity (Sidebottom et al., 2000; Kuiper et al., 2001; Pudney et 
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al., 2003).  Several types of AFPs can increase the survival rates of blood cells during 
cryopreservation when they were added into the storge solution (Carpenter and Hansen, 
1992; Chao et al., 1996), and carrot AFP can increase the freezing-survival rates of E. coli 
cells (Zhang et al., 2004).  
  The objectives of our studies are to:  (1) analyse transcriptome changes induced by 
cold acclimation, (2) identify and characterize key genes that are involved in freezing 
tolerance.  These studies will shed light on the pathways involved in plant cold acclimation 
and freezing tolerance.  Key genes that are involved in freezing tolerance can either be used 
in marker-assisted selection for conventional cultivar development or for genetic 
modification by gene transformation.  
 
Dissertation organization 
 
 The dissertation is organized in the format consisting of three journal-styled 
manuscripts accompanied by a general introduction and a general conclusion.  The manuscripts 
are formatted according to each targeted journal.  The first manuscript “Identification of genes 
associated with cold acclimation in perennial ryegrass by using expressed sequence tag 
analysis” is published in the Journal of Plant Physiology.  The second manuscript 
“Transcriptional changes in response to cold acclimation in perennial ryegrass as revealed by 
a cross-species microarray analysis” will be submitted for publication in the journal of 
Functional & Integrative Genomics.  The third manuscript “Expression of perennial ryegrass 
ice recrystallization inhibition protein genes enhances freezing tolerance in plants and in E. 
coli cells” will be submitted to Plant Physiology.  Chunzhen Zhang is the primary 
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investigator for this work under the supervision of Drs. Shui-zhang Fei and David J. 
Hannapel. 
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Summary 
Cold acclimation dramatically increases freezing tolerance in many temperate plant species.  
An understanding of cold acclimation is important for extending adaptation areas of 
perennial ryegrass.  Freezing tolerance is greatly increased in perennial ryegrass cv. 
‘Caddyshack’ after cold acclimation.  Genes differentially regulated during cold acclimation 
were identified by analyzing the abundance of expressed sequence tags (ESTs) randomly 
sampled from two cDNA libraries, one constructed from 14-d cold-acclimated (CA; LT50 = 
−12.2 °C) and the other from nonacclimated (NA; LT50 = −7.6°C) leaves of ‘Caddyshack’.  
More than 1400 quality ESTs were generated for each library.  Over 60 EST groups were 
either increased or decreased three times or more in the CA library than in the NA library.  
Functional classification showed that for nine gene ontology (GO) subcategories, the ratio of 
CA ESTs to NA ESTs increased twice or more, whereas the ratio decreased by half or more 
for seven other GO subcategories.  Expression analysis of 23 selected genes confirmed that 
19 of them exhibited expression patterns consistent with the EST abundance analysis.  Our 
results suggest that up-regulation of cold-regulated (COR), dehydration-responsive, and ice 
recrystallization inhibition (IRI) genes, and down-regulation of photosynthesis and 
respiration-related genes are important to increasing freezing tolerance in perennial ryegrass. 
Keywords:  Cold acclimation; Expressed sequence tag; Freezing tolerance; Lolium perenne; 
Transcriptome 
Abbreviations: ABC,  ATP-binding cassette;  COR, cold-regulated;  Cyt, Cytochrome;  
Dehyd, early-responsive to dehydration protein;  Drm: down-regulated in mos-transformed 
cells; IRI, ice recrystalization inhibition;  Jal, jasmonate-induced protein 23 kDa;  LEA, late-
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embryogenesis-abundant;  NB-LRR, nucleotide binding leucine-rich repeat;  PRK, 
phosphoribulokinase;  Pho II-10k, photosystem II 10 kDa protein;  PK Xa21, protein kinase 
Xa21;  S/TK, serine/threonine kinase;  Thioredoxin H,  thioredoxin type H;  WSC19, wheat 
cold acclimation protein WSC19. 
 
Introduction 
 
Perennial ryegrass is an important forage grass and turfgrass known for its rapid 
establishment rate and good wear tolerance.  However, its susceptibility to freezing 
temperature limits its cultivation (Xiong et al., 2007).  Freezing tolerance in many temperate 
plant species can be increased dramatically by exposing plants to a period of low, 
nonfreezing temperatures, a process known as cold acclimation (Thomashow, 1999).  
Understanding the mechanisms of cold acclimation could lead to selection strategies for 
germplasm enhancement for cold tolerance.  Cold acclimation is a complex process that 
involves changes in lipid composition in cell membranes, increased total soluble proteins, 
and increased concentration of cryoprotective molecules such as sugars and proline (Guy, 
1990; Thomashow, 1999).  
 Although the exact mechanism of cold acclimation is not yet well understood, a 
specific profile of gene expression has been observed during this process.  After sensing cold, 
an influx of calcium into the cytosol is the starting point of these signaling pathways 
(Monroy and Dhindsa, 1995), followed by the regulation of downstream genes as follows: 
activation of transducers, expression of inducer of CBF (C-repeat binding factor) expression 
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(ICE), induction of CBF genes, and finally expression of downstream COR (cold-regulated) 
genes (Chinnusamy et al., 2006).  These response processes are activated shortly after 
sensing cold (Thomashow, 1999).  Some cold-responsive genes maintain an elevated 
expression level until cold temperatures are removed, while others are expressed transiently 
(Tang et al., 2005; Xiong and Fei, 2006).  These cold-responsive genes have been classified 
into two major groups.  Genes in the first group encode proteins that regulate gene expression 
and signal transduction including genes encoding for transcription factors such as the well-
studied CBF gene family, and protein kinases and proteinases (Nanjo et al., 1999; 
Thomashow, 1999).  Genes in the second group encode COR proteins, dehydration-
responsive proteins, antifreeze proteins, and enzymes required for biosynthesis of 
osmoprotectants (Seki et al., 2001; 2002; Tang et al., 2005).  Direct freezing injury in plant 
tissues results largely from severe cellular dehydration that occurs upon ice formation and 
growth, which causes physical damages to cellular membranes (Griffith et al., 1997; 
Thomashow, 2001; Atici and Nalbantoglu, 2003).  The expression of the second group of 
genes would minimize the injury caused by dehydration or would presumably limit ice 
crystal growth. 
Because of the limited genomic and proteomic information available in the public 
domain for perennial ryegrass, developing expressed sequence tags (ESTs) resources related 
to cold acclimation would be a potentially efficient method for gene discovery (Alba et al., 
2004).  For example, this approach has been used to study cold-responsive genes in seedlings 
of rice (Oryza sativa; Reyes et al., 2003) and leaves of Rhododendron catawbiense (Wei et al., 
2005).  Clustering ESTs from the NA and the CA library based on function will provide 
insight into the regulations of genes in different pathways in perennial ryegrass during this 
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process.  Our freezing tolerance tests showed that after 14 d of acclimation at 4 °C, freezing 
tolerance was greatly increased in a relatively cold-tolerant perennial ryegrass cv. 
‘Caddyshack’, but did not change in two annual ryegrass cvs. ‘Gulf’ and ‘Tur’.  This 
suggests that cold acclimation played an important role in enhancement of cold tolerance in 
perennial ryegrass ‘Caddyshack’, but not in the two annual ryegrass cultivars.  We 
hypothesized that expression of cold-responsive genes can be detected by comparative 
analysis of ESTs derived from cold-acclimated and nonacclimated perennial ryegrass plants.  
Some of these genes likely play critical roles in freezing tolerance, and may be used as 
molecular markers for selection in a breeding program or for genetic transformation.  The 
objectives of this study were to: (1) measure and compare freezing tolerance of two perennial 
ryegrass cultivars with two annual ryegrass cultivars, (2) identify cold-responsive genes 
through comparative EST analysis, and (3) provide insight into the pathways that are 
regulated in perennial ryegrass during cold acclimation. 
 
Materials and Methods 
 
Plant materials and cold acclimation 
A relatively cold-tolerant perennial ryegrass (Lolium perenne L.) cv.  ‘Caddyshack’ 
was used for measuring ion leakage and for cDNA library construction.  Plants were 
propagated vegetatively from a single mature tiller in pots containing Sun Gro Hort soil mix 
(Bellevue, WA) in a greenhouse.  Four-week-old plants were placed into growth chambers at 
23 °C and 16/8 h (day/night) with an irradiance of 280 ± 30 µmol m-2 s-1 for two weeks for 
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conditioning.  Plants were then placed into growth chambers at 4 °C and 8/16 h (day/night) 
with 100 ±20 µmol m-2 s-1 irradiance for cold acclimation.   
Young seedlings of annual ryegrasses (Lolium multiflorum Lam. cvs. “Gulf” (early 
flowering) and ‘Tur’ (late flowering), and perennial ryegrasses cvs. ‘Caddyshack’ and 
‘Lafayette’ (cold susceptible) were also used for measuring freeze-induced ion leakage.  
Seeds were sown in pots and grown in a greenhouse.  Five-week-old seedlings were placed 
into growth chambers at 23 ºC for two weeks and were then acclimated at 4 °C for various 
periods before they were used for ion-leakage measurement. 
 
Measurement of freeze-induced ion leakage  
Leaves from mature ‘Caddyshack’ plants that were acclimated for 0 (control), 1, 3, 7, 
14, or 28 d were used for freezing-tolerance assessment.  Freezing tolerance was assessed by 
subjecting detached leaves to a freeze-thaw regime in a glycol bath, followed by measuring 
electrolyte leakage as described by Xiong et al. (2007).  Electrical conductivity was 
measured with a conductance meter (YSI model 3403) for samples treated at 0°C, and from 
−4 to −26 °C with an interval of 2 °C.  Freezing tolerance was determined by LT50, which 
was determined by fitting the curve of ion leakage between the maximum and minimum ion 
leakages induced by freezing for each cold-acclimation treatment (Xiong et al., 2007).  An F-
test was performed by using Statistical Analysis System (SAS, version 9.0) to compare 
different treatments based on data obtained at −12 °C, at which the largest variations were 
observed among all treatments.  Freezing tolerance also was assessed for the five-week-old 
seedlings of the four annual and perennial ryegrass cultivars.  Plant materials that were 
subjected to 0, 2, 7, 14, and 21 d of cold acclimation were used to measure ion leakage.  Ion 
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leakage was measured following freeze treatments at 0, −4, −6, −8, −10, −12, and −14 °C with 
three replications. 
  
cDNA library construction, plasmid DNA isolation, sequencing, and EST clustering 
Leaf tissues were collected and pooled from three biological replications of 0-d and 
14-d cold-acclimated ‘Caddyshack’ perennial ryegrass.  Total RNA was isolated from each 
pooled sample by using TRIZOL reagent (Invitrogen, Carlsbad, CA) according to the 
manufacturer’s protocol.  A cDNA library was constructed from mRNA of either CA or NA 
plants by Amplicon Express (Pullman, WA) by using the pBluescript KS+ vector.  Plasmid 
DNA were  isolated from more than 2000 clones from each library and were subsequently 
sequenced by using BigDye® v3.1 terminator sequencing kits (Applied Biosystems, Foster 
City, CA).  Vector and low-quality regions were trimmed from the original sequences by 
using the average Phred score of 20 (1% error possibility).  The EST dataset from either CA, 
NA, or CA+NA was clustered separately by using the CAP3 assembly program to identify 
unique ESTs with default cutoff parameters (Huang and Madan, 1999).  
 
BLASTx search and gene ontology (GO) mapping of ESTs 
The EST dataset from the CA and NA library was uploaded to Greengene Batch Blast 
(http://greengene.uml.edu/programs/NCBI_Blast.html) to perform BLASTx (Best Local 
Alignment Search Tool) searching against the GenBank nonredundant (nr) database.  All 
parameters of the BLOSUM 62 matrix were kept in default, except for the e-value which was 
set as ≤ 1e–4.  The best protein hit for each EST was parsed into an Excel sheet by using Perl 
Script.  BLASTx results were classified based on annotation of the protein products.  The 
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ESTs with a same or similar annotation were placed into the same group.  A NA/CA ratio 
was calculated for each group based on the number of ESTs from each library. 
To map the ESTs into the rice GO categories, EST sequences were used to search 
against the rice protein database (release 5.0) from the TIGR website (http://www.tigr.org) 
by using BLASTx.  The locus ID of the best protein hit for each EST was parsed out and 
inputted into the textbox of Genome Annotation Batch Download at the TIGR website 
(http://rice.plantbiology.msu.edu/data_download.shtml) for searching GOSlim assignments.  
ESTs that had no match from the rice protein database or could not be mapped into the rice 
GO categories were used to search against the Arabidopsis protein database 
(’TAIR7_pep_20070425’) with similar parameters.  The locus ID of the best protein hit for 
each EST was parsed out and then inputted into the textbox of the generic gene ontology 
mapper (http://go.princeton.edu/cgi-bin/GOTermMapper) to map the ESTs into GO categories 
of Arabidopsis database. A CA vs. NA (CA/NA) ratio was calculated for each category based 
on the number of GO terms found from each library. 
 
Validation of expression profiles by using reverse transcriptase-PCR (RT-PCR) 
Total RNA was isolated from ‘Caddyshack’ leaf tissues that were cold-acclimated for 
0, 1 and 14 d.  Forty microliter of first-strand cDNA for each sample was synthesized from 3 
µg of total RNA using SuperScript™ III Reverse Transcriptase (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s protocol.  A total of 23 genes, including 10 that have 
an NA/CA ratio ≤ 0.33, another 10 with a NA/CA ratio ≥ 3, and 3 more genes with an 
NA/CA ratio ≈ 1, were selected for RT-PCR validation using gene-specific primers designed 
based on EST or full-length cDNA sequences.  Perennial ryegrass 16S rRNA was used as an 
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internal standard.  PCR was performed for each gene by using 0.5 µL of first-strand cDNA as 
template, and optimized annealing temperatures and amplification cycles for each specific 
gene.  PCR products in the agarose gels were quantified by measuring the peak areas with 
ImageJ software (Abramoff et al., 2004) and normalized by using the 16S rRNA values.  
Average areas and standard errors (SE) were calculated from three replications. 
Expression profiles of several differentially expressed genes from ‘Caddyshack’ were 
studied in different cultivars of both annual and perennial ryegrass by using RT-PCR.  Seedling 
of ‘Caddyshack’ and ‘Lafayette’ of perennial ryegrass, and ‘Tur’ and ‘Gulf’ of annual ryegrass 
were cold-treated with the same procedure as was used for ion leakage test.  Leaf tissues from 0, 
1 and 14 d of CA plants were harvested, total RNA was isolated, and then RT-PCR was 
performed. 
 
Results 
Cold acclimation increases freezing tolerance in perennial ryegrass but not in annual 
ryegrass 
Ion leakage induced by freezing (−6 to −14 °C) decreased continuously up to 14 d of 
cold acclimation and leveled off after that point in perennial ryegrass ‘Caddyshack’ (Fig. 1).  
The resulting LT50 from each cold-acclimation treatment was −7.6, −9.2, −10.2, −11.2, −12.1 
and −12.2 °C corresponding to 0, 1, 3, 7, 14, and 28 d of cold acclimation, respectively.  
These results indicate that increasing duration of acclimation at 4 °C continues to enhance 
freezing tolerance until 14 d. Further increase in the length of cold acclimation does not 
improve freezing tolerance.  The largest ion-leakage variations among all the treatments were 
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observed at the −12 °C testing temperature when an F-test showed that differences were 
observed between all cold-acclimation treatments except between 1 d and 3-d, and between 14 
and 28 d.   
For seedlings, after 2, 7, 14, and 21 d of cold acclimation, ion leakages induced by −4 
to −10 °C decreased continuously for both perennial ryegrass cultivars, but not for the annual 
ryegrass cultivars.  The LT50 for CA and NA annual ryegrass cultivars and NA perennial 
cultivars occurred between −6 and −8 °C.  No differences were observed at −14 °C among all 
experimental materials,which showed an ion leakage of 80 to 90% , regardless of CA or NA 
treatments (data not shown).  Less ion leakage was induced in CA ‘Caddyshack’ than in 
‘Lafayette’ from −4 to −10 °C (Fig. 2).   
 
Cold acclimation leads to changes in the transcriptome profiles of perennial ryegrass 
 A total of 1487 and 1432 high-quality ESTs were obtained for NA and CA library, 
respectively (Supplemental Table S1).  The average length of ESTs was 588 bp for the NA 
and 504 bp for the CA library dataset.  A total of 2057 unique transcripts were identified 
from both libraries.  Among these, a total of 261 contigs were identified from the combined 
EST dataset from both NA and CA library by using CAP3 program.  Fifty-eight contigs are 
unique to the NA library while 79 contigs are unique to the CA library. Combined, these 137 
contigs (6.7% of all the unique transcripts) consisted of 352 ESTs (Supplemental Table S1).  
A total of 124 contigs (6.0% of all the unique transcripts) were common to both libraries and 
they correspond to 771 ESTs (26.4%) (Supplemental Table S1).  Among these 124 common 
contigs, 18 had a NA/CA ratio greater than 3, and 14 had a NA/CA ratio smaller than 0.33.   
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BLASTx search against GenBank nr database showed that there is a greater 
percentage (42.3%) of ESTs without a match in the CA than in the NA library (27.0%; 
Supplemental Table S2), suggesting more novel genes are expressed in response to cold.  
ESTs with the same or a similar annotation were placed into a same group.  More than 20 
gene groups were observed 3 times or more in the CA than were in the NA library, and more 
than 40 gene groups were observed 3 times or more in the NA library than were in the CA 
library, while many other ESTs were equally abundant in both libraries.  Some of the 
abundant ESTs are listed in table 1.  Among all EST groups, the ESTs encoding COR/late-
embryogenesis-abundant (LEA) proteins were the most abundant in CA library, with a 
CA/NA ratio of 15:1, whereas ESTs encoding lectin/high-light proteins were highly abundant 
in the NA library with an NA/CA ratio of 81:2.  A photosystem II 10-kDa polypeptide 
(chloroplast) was observed 113 times in the NA library and 66 times in the CA library.  
Several ESTs, such as the ESTs encoding ubiquitin-protein ligase and fructose-bisphosphate 
aldolase, were observed ~ 10 times in both libraries (Table 1).  
 
Gene ontology (GO) mapping of ESTs suggests their possible biological roles 
A total of 941 and 649 ESTs from the NA and the CA libraries, respectively, were 
successfully mapped into one or more GO categories in rice or Arabidopsis (Table 2).  A 
CA/NA ratio for each subcategory was calculated based on the number of GO terms found 
from each library.  The GO terms found from each subcategory with a CA/NA ratio ≥ 1.7 or 
≤ 0.6 are listed in Table 2. Sixteen GO subcategories have a ratio of CA/NA ≥ 2 or ≤ 0.5 
(Table 2).  Because the CA/NA ratios of total GO terms found from all the ESTs were 0.96, 
1.04, and 0.95 for categories of biological process, cellular component, and molecular 
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function, respectively (Table 2), which are all close to 1.0,  the overall regulations of all 
pathways are assumed unchanged in the plants during cold acclimation.  Therefore, CA/NA 
ratios for specific subcategories that significantly deviated from 1.0 would indicate 
expression of genes related to specific subcategories has changed.  A ratio higher than 1.0 
indicates the pathways were up-regulated, whereas a ratio lower than 1.0 indicates the pathways 
were down-regulated by cold acclimation. 
 
Validation of expression profiles using RT-PCR  
  RT-PCR data for up-regulated genes (Fig. 3A) and down-regulated genes (Fig. 3B) 
were presented.  The results showed that 19 out of 23 selected genes had similar mRNA 
abundance profiles as indicated by EST analyses following 0 or 14 d of cold acclimation.   Most 
of these 19 genes were continuously regulated towards one direction (either up or down) during 
0, 1, and 14 d of cold acclimation.  However, a transcription peak appeared for LEA gene and 
Dehyd (early-responsive to dehydration protein) gene after 1 d of CA, although their 
transcription levels remained higher than in the NA leaves after 14 d of cold acclimation 
(Fig. 3A).  The Cyt C (cytochrome C) gene was down-regulated after 14 d of cold 
acclimation, but it had a transcription peak after 1 d of cold acclimation (Fig. 3B).  
Six highly cold-responsive genes were selected for expression analysis in seedlings of 
both annual and perennial ryegrass (Supplemental Figure S1).  Surprisingly, the results 
showed that ice recrystallization inhibition (IRI) protein genes, IRI-1, IRI-2, and the homolog 
of wheat WSC19 had similar transcription patterns among all cultivars of the two species, 
whereas LEA, Lectin, and Cyt C genes had different expression pattern among the selected 
cultivars for the two species.  LEA was highly up-regulated after 1 d of cold acclimation, and 
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then down-regulated after 14 d of cold acclimation in both perennial ryegrass cultivars, 
whereas there was no down-regulation detected in both annual ryegrass cultivars.  Although 
Cyt C gene was regulated in a similar trend in all cultivars, the average transcription level 
was much higher in perennial ryegrass cultivars than in annual ryegrass cultivars at each 
testing point.   
 
Discussion 
 
Cold-acclimation response and freezing tolerance of annual and perennial ryegrasses 
Ion leakage measured in CA and NA plants suggests that perennial ryegrass has a 
cold-acclimation mechanism while annual ryegrass does not.  This explains why annual 
ryegrass is sensitive to even a short period of freezing or frost stress during late fall or early 
spring (Redfearn et al., 2005).  Acclimation at 4 °C for 1−14 d continuously increased the 
freezing tolerance of vegetatively propagated perennial ryegrass ‘Caddyshack’, and longer 
acclimation did not seem to increase freezing tolerance further.  Seedlings of ‘Caddyshack’ 
and ‘Lafayette’ acquired less freezing tolerance with the same length of the acclimation 
period than mature plants at 4 °C, unlike in mature plants, however longer period of 
acclimation beyond 14 days further increased freezing tolerance (data not shown).  Our ion-
leakage tests suggested −7 to −8 °C would be lethal to both annual ryegrass cultivars and to 
NA perennial cultivars.   
 
Cold acclimation and transcriptome changes in perennial ryegrass 
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There were 58 and 79 unique contigs for the NA and CA library, respectively.  They 
represent genes that were highly differentially regulated by cold acclimation.  Eighteen 
contigs with an NA/CA ≥ 3 and 14 contigs with an NA/CA ≤ 0.33 represent genes that were 
moderately differentially regulated by cold.  Only 6.0% of the contigs were shared by both 
libraries, suggesting remarkable differences in the pattern of gene expression between the CA 
and NA materials.  Similarly, only 6.3% of all unique transcripts were shared between the 
CA and NA libraries of R. catawbiense (Wei et al., 2005).  The 1,976 singletons represents the 
genes that were observed once only under either CA or NA condition.  However, some of these 
singletons considered as unique may in fact belong to a same contig, but could not be identified 
because the EST sequences were short and thus no overlaps could be identified by the CAP3 
program.  Our BLASTx search further supports the premise that the transcriptome profile has 
changed in perennial ryegrass during cold acclimation.  Greater percentages of unique 
transcripts without matches or with matches to unknown proteins were observed in the CA 
library than that in the NA library, suggesting more novel genes are expressed as a result of 
cold acclimation.  Although the number of ESTs analyzed was modest in this study, RT-PCR 
confirmed that about 83% of the selected genes had the same transcription pattern as revealed 
by EST analysis.  If the threshold of fold change is increased from three-fold to five-fold (i.e., 
CA/NA ≥ 5 or ≤ 0.2), 91% of the selected genes would show similar expression patterns as 
would in EST analysis.  Similarly, Wei et al. (2005) reported that northern blot results 
showed same expression patterns as the EST abundance in two R. catawbiense cDNA 
libraries for all seven selected ESTs.  Therefore identifying highly abundant ESTs as a way 
to find cold-responsive genes can be an effective strategy.   
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Cold up-regulated genes and cell membrane stabilization 
Consistent with previous works (Thomashow, 1999; Seki et al., 2002; Wei et al., 
2005), many cold- and other stress-responsive genes, such as COR and LEA homolog genes, 
were up-regulated by cold acclimation in our study.  Many COR and LEA proteins function 
as membrane stabilizers and thus enhance cold tolerance in plants (Thomashow, 1999).  
Wheat cold-acclimation protein WSC19 (WSC19) and WCOR719 proteins may function as 
cold-responsive transcription factors to induce the expression of downstream genes that are 
related to cold tolerance (Chauvin et al., 1993; Danyluk et al., 1996).  Two IRI protein genes 
were identified as being up-regulated after cold acclimation.  IRI proteins protect membranes 
from physical damage by inhibiting ice crystal growth and recrystallization (Griffith et al., 
1997; Atici and Nalbantoglu, 2003).  It is not surprising other stress-responsive genes were 
also up-regulated during cold acclimation, because many signaling pathways or defense 
mechanisms are shared by cold and other stresses (Seki et al., 2002; Xiong et al., 2002; 
Chinnusamy et al., 2006).   
Expression studies of LEA and Dehyd genes showed these dehydration-responsive 
genes were greatly up-regulated after 1 d of cold acclimation and then down-regulated after 
14 d of cold acclimation in perennial ryegrass.  Their down-regulation after an expression 
peak may be critical for developing cold tolerance, because these two genes showed 
differential expression pattern between cold-tolerant and cold-sensitive cultivars 
(Supplemental Figure S1).  Transient expression of dehydration-responsive transcription 
factors and related genes during cold acclimation has been reported in many plants 
(Thomashow, 1999; 2001). 
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Cold down-regulated genes, photosynthesis and respiration regulation 
ESTs putatively encoding lectin/high light-induced proteins had an NA/CA ratio of 
81:2 in our study.  Lectins are sugar-binding proteins specific for their sugar moieties (Rudiger 
and Gabius, 2001).  A high light-induced lectin homolog in barley was related to 
photorespiration regulation under high light (Potter et al., 1996).  Strong down-regulation of 
lectin homologs during cold acclimation could be a response to the great reduction in irradiance 
and photoperiod that were used for the CA treatment.   
The EST encoding Photosystem II 10 kDa polypeptide was the most abundant in both 
NA and CA libraries, but it was down-regulated during cold acclimation.  Cyt b6, Cyt C, 
Phosphoribulokinase (PRK), and Oxygen-evolving enhancer 3-1(OEE3-1) were also down-
regulated by cold acclimation.  All these gene products control key steps in photosynthesis, 
such as light harvesting (OEE3-1), electron transport (Cyt b6 and Cyt C), or CO2 fixation 
(PRK).  Down-regulation of these genes suggests photosynthesis was repressed by low 
temperature and light intensity. Down-regulation of Cyt b6 and Cyt C genes and ATPase 
gene suggests respiration also decreased after 14 d of cold acclimation and energy 
consumption was reduced under low temperature and low light.  Reduction of photosynthesis 
and respiration by cold acclimation has been reported in other plant species (Seki et al., 2002; 
Wei et al., 2005).  RT-PCR results indicated that Cyt C was greatly up-regulated after 1 d of 
cold acclimation, and then down-regulated after 14 d of cold acclimation (Fig. 3B).  This 
phenomenon suggests an energy-releasing peak might have occurred after 1 d of cold 
acclimation.  An energy-releasing peak was coinstantaneous with a transcription peak of 
cold-responsive genes in wheat (Triticum aestivum) one day after cold acclimation (Monroy 
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et al., 2007) which is probably needed for protein chaperone synthesis and membrane lipid 
modification.   
 
GO mapping of ESTs reveals regulation of various pathways during cold acclimation  
Consistent with previous reports, mapping of ESTs into GO categories indicated that 
many pathways were up- or down-regulated by cold acclimation.  For example, genes for 
protein kinase which functions in protein modification, protein complex formation, and lipid-
binding-related pathways were up-regulated whereas genes for cell wall-related pathways 
were down-regulated in Arabidopsis (Seki et al., 2002). Modifications of proteins involved in 
signal transduction and up-regulation of receptor activity are important in regulation of many 
cold hardiness-related genes.  Furthermore, protein modification is also critical for the 
function of some freezing-tolerance related protein complexes (Thomashow, 1999; Xiong et 
al., 2002).  Changes in lipid-binding activities, structural molecule activity, and cell wall 
composition are also important to membrane stabilization (Xiong et al., 2002).   
Some changes in GO categories from this study have not been widely reported or are 
different from previous studies.  For example, genes encoding for extracellular cell 
components had the highest fold changes (14.5) after cold acclimation in our study.  IRI 
protein family, one of the protein families that are secreted into the extracellular regions and 
function in membrane stabilization (Griffith et al., 1997; Atici and Nalbantoglu, 2003) was 
highly up-regulated in our study.  Peroxisome related genes were also highly up-regulated 
after cold acclimation in our study.  However, some peroxisome related genes were reported 
to be down-regulated by cold acclimation in Arabidopsis (Seki et al., 2002), and no change 
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was detected in R. catawbiense Michx. leaves (Wei et al., 2005).  Peroxisomes play an 
important role in the degradation of reactive oxygen species, thus protecting membrane from 
damage during cold and other stresses (Thomashow, 1999).   
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Table 1.  Putative proteins encoded by the most abundant transcripts in the nonacclimated (NA) and cold-acclimated (CA) cDNA 
libraries of Lolium perenne L. cv. ‘Caddyshack’.  The ESTs from each library were used to search against the GenBank nr 
database by using BLASTx. 
Abundant in CA 
but not in NA library 
NA CA Abundant in NA 
but not in CA library 
NA CA Similarly abundant in both 
libraries 
NA CA 
COR/LEA proteins  1  15 Lectin/high light protein   81 2 Rubisco activase  12 10 
Stress responsive proteins   3  16 Phosphoribulokinase  7 1 Photosystem I subunit/center 7 8 
Thioredoxin protein  1    7 NB-LRR containing protein  6 1 Fructose-bisphosphate aldolase 8 9 
Inorganic pyrophosphatase 1    6 Receptor protein kinase   5 1 Ubiquitin-protein ligase 11 9 
ABC-type transport system  1    5 ADP-ribosylation factor   5 1 Metallothioneine 13 11 
Ribulose-1,5-bisphosphate carboxylase 2    9 Cytochrome b   5 1 Chlorophyll a/b-binding  12 10 
Alanine aminotransferase  1    4 WD-40 associated protein  5 1    
Ice recrystallization inhibition protein (IRIP) 0    3 Protein kinase Xa21   10 2    
Osmotic/dehydration responsive proteins 4  10 Drm3, auxin-repressed protein    6 0    
 
  14-3-3 binding factor   5 0    
   ATPase family    5 0    
   Oxygen-evolving enhancer 3-1    5 0    
   Photosystem II 10-kDa polypeptide 113   66  
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Table 2.  Number and percentage of gene ontology (GO) terms found in each category from 
the ESTs in the nonacclimated (NA) and cold-acclimated (CA) cDNA libraries of L. perenne 
L. ‘Caddyshack’.  ESTs from each library were used to search against the rice (Oryza sativa 
L.) protein database or the Arabidopsis protein database if no match was found in the rice-
protein database or could not be mapped into rice GO categories Note that an EST can be 
mapped into more than one subcategory in the same or different primary GO categories, thus 
the percentages could be greater than 100.  Only the GO terms with a CA/NA ratio ≥ 1.7 or 
≤ 0.6 are listed.  
 
NA library CA library  
Number of ESTs mapped 941 649  
GO term found No. (%) No. (%) 
CA/NA 
ratio z 
Biological process (BP)           
cell cycle    1 (0.11) 3 (0.46) 4.18 
embryonic development    5 (0.53) 8 (1.23) 2.32 
cell death    3 (0.32) 4 (0.62) 1.93 
amino acid and derivative 
metabolic      24 (2.55)   30 (4.62) 1.81 
metabolic process     68 (7.23)   82      (12.63) 1.75 
reproduction     11 (1.17)   13 (2.00) 1.71 
flower development     15 (1.59)     6 (0.92) 0.58 
protein modification process   113    (12.01)   40 (6.16) 0.51 
anatomical structure 
morphogenesis     12 (1.28)     2 (0.31) 0.24 
cell differentiation     63 (6.70) 9 (1.39) 0.21 
growth     15 (1.59) 2 (0.31) 0.19 
Total GO term found for BP 1766  (187.7)      1170     (180.3) 0.96 
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Table 2. (continued)      
 
NA library CA library  
GO term found No. (%) No. (%) 
CA/NA 
ratio z 
Cellular component (CC)      
extracellular region   1 (0.11) 10 (1.54)   14.50 
peroxisome   1 (0.11) 3 (0.46) 4.35 
protein complex    5 (0.53) 10 (1.54) 2.90 
ribosome   9 (0.96) 14 (2.16) 2.26 
cell wall  107    (11.37) 40 (6.16) 0.54 
nucleoplasm    3      (0.32) 1 (0.15) 0.48 
Total GO term found for CC 1429    (151.9) 1023      (157.6) 1.04 
Molecular function (MF)      
protein kinase activity   1 (0.11) 3 (0.46) 4.35 
lipid binding   2 (0.21) 5 (0.77) 3.62 
structural molecule activity 15 (1.59)     22 (3.39) 2.13 
receptor activity 13 (1.38) 17     (2.62) 1.90 
carbohydrate binding 75 (7.97) 20     (3.08) 0.39 
nuclease activity   5 (0.53) 0     (0.15) y  0.29  
transcription regulator activity   6 (0.64) 0     (0.15) y  0.23  
Total GO term found for MF 1158    (123.1) 761 (117.3) 0.95 
GO terms found for three 
categories 4353     (462.0) 2954     (455.0)     0.98 
z CA/NA ratios were calculated by GO terms found (%) in each subcategory in CA library 
divided by the GO terms found (%) in the same subcategory from the NA library. 
y
 A minimum of one observation is assumed where no GO term was found for a subcategory. 
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Table S1.  Number of expressed sequence tags (EST) and clustering of ESTs from both 
nonacclimated (NA) and cold-acclimated (CA) cDNA libraries of L. perenne L. 
‘Caddyshack’.  Phred-trimmed ESTs were clustered by the CAP3 assembly program.  
The average length of the ESTs (>100bp) is 588 bp for the NA library and 504 for the 
CA library. 
 No. of unique  
transcripts (%) 
No. of corresponding 
ESTs (%) 
NA library   2156 clones sequenced 
ESTs with sequence length > 100bp 1037  1487  (69.0) 
  No. of contigsz   112  (10.8)   562  (37.8) 
  No. of singletonsy   925  (89.2)   925  (62.2) 
CA library   2003 clones sequenced 
ESTs with sequence length >100bp 1108  1432  (71.5) 
  No. of contigs   128  (11.5)   452  (31.6) 
  No. of singletons    980  (88.5)   980  (68.4) 
NA + CA Combined  4159 clones sequenced 
ESTs with sequence length >100bp 2057 2919 
Total no. of contigs   261  (12.7) 1123  (38.5) 
   Contigs unique to NA or CA library   137    (6.7)   352  (12.1) 
        Contigs unique to NA library     58    (2.8)   141    (4.8) 
        Contigs unique to CA library     79    (3.8)   211    (7.2) 
   Contigs common to both NA and CA   124    (6.0)   771  (26.4) 
Total no. of  singletons 1796  (87.3) 1796  (61.5) 
zA contig is the extended contiguous sequence that is produced by the assembly process that 
joins overlapping EST sequences.  
yA singleton represents a unique EST or mRNA. 
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Table S2.  Annotation of expressed sequence tags (EST) for the nonacclimated (NA) and 
cold-acclimated (CA) cDNA libraries of L. perenne L. ‘Caddyshack’.  The EST dataset from 
the CA or NA library was used to search against the GenBank nonredundant (nr) database by 
using BLASTx. 
   NA   CA 
Total number of unique transcripts (%) 1037 (100) 1108 (100) 
    Similar to genes with known function   724  (69.8)   577  (52.1) 
    Similar to genes with unknown function     33    (3.2)     62    (5.6) 
    No similarity found   280  (27.0)   469  (42.3) 
Total no. of ESTs with hits found 1086     826   
Total no. of ESTs used for BLAST 1487   1432   
Note: All parameters of the BLOSUM 62 matrix were kept as default during BLASTx 
search, except for the e-value which was set as ≤ 1e–4. 
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Legends of Figures 
 Fig. 1  Ion leakage induced by freezing in leaf tissues of perennial ryegrass cv. ‘Caddyshack’.  
Mature plants were cold-acclimated at 4 °C for 0, 1, 3, 7, 14, or 28 d and leaf segments were 
subjected to freezing treatment.  Ion leakage was measured at 0°C, and –4 to –26 °C with an 
interval of 2°C.  Only results from –4 to –20 °C are shown.  An F-test was done for the ion 
leakages at –12 °C. Data points with a same letter are not statistically different. 
 
Fig. 2  Ion leakage in leaves from young seedlings of perennial ryegrass cvs. ‘Caddyshack’ and 
‘Lafayette’ and annual ryegrass cvs. ‘Gulf’ and ‘Tur’.  Seven-week-old plants were subject to 
cold acclimation, and detached leaf segments were subjected to freezing treatments.  Ion 
leakage was measured at 0, and −4 to −14 °C with an interval of 2°C, and results from 0, −6 
and −8 °C are shown.  Error bars represent the standard errors of three replications.   
 
Fig. 3  RT-PCR validation of the expression of cold-responsive genes in perennial ryegrass 
cv. ‘Caddyshack’.   The relative fold changes of signal intensity (1 d vs. 0 d and 14 d vs. 0 d) 
for the gene groups that were up-regulated (A) and down-regulated (B) during cold 
acclimation are shown.  The numbers of PCR cycles for each gene are shown in the 
parentheses following the gene names.  Error bars represent the standard errors of the means 
calculated from three biological replications. 
 
Supplemental figure S1  RT-PCR analysis of expression patterns of selected genes on four 
annual and perennial ryegrass cultivars.  The parameters for each reaction varied based on 
the expression level and characteristics of each primer pair.  The number of PCR cycles for 
each gene was shown in the parenthesis following each gene name. 
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Abstract 
Freezing tolerance can be dramatically increased by a period of cold acclimation in perennial 
ryegrass (Lolium perenne L.).  To understand the mechanisms of cold acclimation and 
freezing tolerance in L.  perenne, a microarray study was implemented by using total RNA 
from cold-acclimated and nonacclimated L. perenne to hybridize with Affymetrix barley 
gene chips.  Our results indicate that selection of proper background correction and 
normalization method is critical for a cross-species microarray study.  By using a specific 
three-step normalization method, a total of 2,870 (12.6%) genes out of approximately 22,000 
genes on the barley gene chip were identified as differentially regulated by either 1 or 7 d of 
cold acclimation.  Quantitative reverse transcriptase PCR (qRT-PCR) analysis confirmed that 
the expression patterns of fourteen selected genes are consistent with the signal intensity 
patterns observed in the microarray study, supporting the validity of the cross-species 
microarray.  Gene ontology analysis of differentially regulated genes indicates that different 
biological processes, cellular components and molecular functions responded differently to 
cold acclimation in observable temporal patterns.   
 
Keywords   Cold acclimation · Cross-species microarray · Lolium perenne · quantitative 
reverse transcriptase PCR (qRT-PCR) · Three-step analysis 
 
Introduction 
Perennial ryegrass (Lolium perenne L.) is an important forage grass species as well as an 
important turfgrass species.  However, sensitivity to severe winter conditions (Gusta 1980) 
40 
 
 
limits its distribution in the northern temperate area.  Therefore, improving winter hardiness 
continues to be an important goal in perennial ryegrass breeding programs.  An 
understanding of cold-response mechanisms is essential to implementing effective breeding 
strategies (Xiong et al. 2007).  Freezing tolerance is identified as the most important 
component of winter hardiness (Humphreys and Eagles 1988), and it can be increased 
dramatically by exposing plants to a period of low, nonfreezing temperatures in perennial 
ryegrass (Zhang et al. 2009) and other temperate plant species (Thomashow 1999).  This 
process is known as cold acclimation and involves numerous complex changes at 
transcriptome and proteome levels (Thomashow 1999).   
At the transcriptome level, many gene groups are differentially regulated by cold 
acclimation.  Genes involved in signal transduction pathways of cold response, such as those 
encoding protein kinases, proteinases, or transcription factors, are among the most highly up-
regulated groups that respond to nonfreezing low temperatures (Nanjo et al. 1999; 
Thomashow 1999).  Up-regulation of these genes is critical for activation of downstream 
cold-responsive genes.  At later stages, many downstream genes, such as those encoding 
cold-regulated (COR) proteins, dehydration-responsive proteins, antifreeze proteins, and 
enzymes required for biosynthesis of osmoprotectants are up-regulated (Seki et al. 2002).  
The protein products of these genes minimize injuries to cellular membrane caused by 
dehydration or ice crystal growth (Griffith et al. 1997; Atici and Nalbantoglu 2003).  During 
the cold acclimation process, numerous other genes are down-regulated. For example, 
reduced expression of photosynthesis and respiration-related genes during cold acclimation 
occurs in Arabidopsis and Rhododendron (Seki et al. 2002; Wei et al. 2005).   
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Microarray techniques allow comparative analysis of transcript profiles in various 
tissues or treatments at the whole genome level (Seki et al. 2002; Monroy et al. 2007).  
Microarray studies have been performed on perennial ryegrass by using cDNA chips, but the 
number of genes included in the cDNA chips was limited and the chips are not commercially 
available (Ong et al. 2003; Ciannamea et al. 2006).  Using oligonucleotide chips from related 
species is a viable and practical alternative for microarray analysis in perennial ryegrass.  For 
example, a large fraction of probe sets are readily detected in the hybridization between 
Rhesus macaque mRNA and human gene chip (Chismar et al. 2002).  Cross-species 
microarray studies have also produced valuable results in Brassica oleracea L. (Hammond et 
al. 2005; Hudson et al. 2007), Thlaspi caerulescens and Thlaspi arevense (Hammond et al. 2006) 
by using Arabidopsis thaliana oligonucleotide microarray.  These results validate the utility of 
using cross-species hybridizations in microarray studies. 
Barley (Hordeum vulgare) and perennial ryegrass are taxonomically close and are in 
the same Poodieae subfamily of Poaceae (Kellogg 2000).  The Barley1 GeneChip 
oligonucleotide array representing 22,000 genes has been designed and manufactured by 
Affymetrix (Close et al. 2004).  A survey for conservation of probe sets using cRNA from 
wheat (Triticum aestivum) to hybridize with the Barley1 GeneChip showed that 54% of the 
probe sets produced present calls on signal intensity compared with using cRNA from barley 
(Close et al. 2004).  In addition, a certain fraction of conserved sequences were identified 
from oat (Avena strigose), rice (Oryza sativa), sorghum (Sorghum bicolor) and maize (Zea 
mays) in the same study.  These results suggest that using the Barley1 GeneChip would be 
suitable for the study of gene expression in perennial ryegrass.  Our preliminary 
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hybridization of perennial ryegrass cRNA with Barley1 GeneChips showed satisfactory 
results after optimizing the hybridization and wash conditions.   
The analysis of changes in transcript levels induced by cold acclimation will allow us 
to identify cold-responsive genes across the genome, provide insights into the adaptation of 
perennial ryegrass to low temperature and help in identifying key genes that are involved in 
freezing tolerance.  These key genes can either be used in marker-assisted selection for 
germplasm and offspring screening or for cultivar improvement through genetic 
transformation. 
 
Materials and methods 
Plant materials and cold treatments 
A cold-tolerant perennial ryegrass (Lolium perenne L.) cv. ‘Caddyshack’ was used for this 
study.  Plants were propagated from a single tiller in pots containing Sun Gro Hort soil mix 
(Bellevue, WA) in a greenhouse.  Four-week-old plants were placed into growth chambers at 
23°C and 16/8 h (day/night) with an irradiance of 150 ± 30 µmol m-2 s-1 for two weeks for 
conditioning.  Four biological replications of plants were then placed into growth chambers 
at 4°C and 8/16 h (day/night) with an irradiance of 150 ± 30 µmol m-2 s-1 for cold 
acclimation.  Leaf tissues were collected from each biological replication from 0 d 
(nonacclimated, NA), 1 d and 7 d cold-acclimated (CA) materials and were frozen 
immediately in liquid nitrogen and stored at -80°C for later use.   
 
Probe synthesis, labeling, and hybridization 
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Total RNA was isolated from each sample individually by using TRIZOL reagent 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol.  Qualitative and 
quantitative assessments of total RNA were done by using RNA Nano chips and an Agilent 
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).  The RNA samples were purified 
further by using the RNeasy Midi Kit (QIAGEN, Valencia, CA).  Probe synthesis, labeling, 
and hybridization protocols were performed at the Iowa State University GeneChip facility 
(http://www.biotech.iastate.edu/facilities/genechip/Genechip.htm) following the protocols 
described in the Affymetrix manual 
(http://www.affymetrix.com/support/downloads/manuals/expression_analysis_technical_man
ual.pdf) and also by Caldo et al. (2004) with minor modifications. 
Five micrograms of total RNA purified from perennial ryegrass was used for cDNA 
synthesis and in vitro transcription amplification and biotin-labeling using the one-cycle 
target labeling and control reagent package (Affymetrix, Santa Clara, CA).  Double-stranded 
cDNA was purified and eluted in 14 µL elution buffer, and then 12 µL of the purified cDNA 
was used to generate biotinylated cRNA.  The biotinylated cRNA was purified using the 
Affymetrix gene sample cleanup module, and was quantified using a NanoDrop® ND-1000 
spectrophotometer (NonoDrop® Technology, Wilmington, Delaware).  Twenty micrograms 
of cRNA at the concentration of 0.5 µg/µL were fragmented in fragmentation buffer at 94 °C 
for 35 min.  The quality of total RNA, cRNA, and fragmented cRNA was verified at each 
step on an Agilent 2100 bioanalyzer and RNA Nano Chips.  Ten micrograms of the 
fragmented cRNA were used to make the cocktail for each hybridization reaction.  
Hybridization was performed at 40 ºC (instead of the 45 ºC recommended in the standard 
protocol) for 16 h in an Affymetrix hybridization oven model 640.  Chips were washed and 
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stained using a modified EukGE-WS2v4 fluidics protocol in the Affymetrix GeneChip 
fluidics station model 450.  The temperature for the wash B step was changed from the 
recommended 50 ºC to 40 ºC to obtain optimized results for cross-species hybridization.  No 
other changes were made to the standard protocol.  Stained chips were immediately scanned 
with an Affymetrix GeneChip scanner 3000 7G.  
 
Normalization and data analysis 
The signal intensity data (.CEL file) obtained from the scanner were analyzed using the 
analysis package ‘Bioconductor affy’ associated with the statistical computing software “R” 
(http://www.r-project.org/).  Various three-step methods were implemented in signal-
intensity normalization to obtain optimized results.  The three-step method divides the 
normalization procedure into three steps called “background correction”, “normalization”, 
and “summarization” in the R function “AffyPLM” (Gentleman et al. 2005).  Four options 
for the background correction step: “MAS”, “RMA2”, “IdealMM (ideal mismatch)”, and 
“MASIM (MAS + ideal mismatch)”; three options for the normalization step (second step): 
“quantile”, “quantile.probeset”, and “scaling”; and two options for the summary step: 
“tukey.biweight” and “median.polish” were applied in our study (Gentleman et al. 2005).  
All 24 possible three-step combinations were used in the data normalization (Table 1).  The 
combination of “MASIM + scaling + tukey.biweight” is the normalization procedure used by 
“Microarray Analysis Suite 5 (MAS5)”, which is the default normalization procedure 
recommended by Affymetrix.  The combination of “RMA + quantile + median.polish” is the 
normalization procedure used by “Robust Multi-array Average (RMA)”, which is usually 
used in many microarray studies that only consider the signal values from perfect match 
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(PM).  The normalized data were then analyzed by using the limma package in “R” (Smyth, 
2005).  The fold-change for 1 d CA vs. NA and 7 d CA vs. NA, p-value and q-value for false 
discover rate control, were calculated for each gene (Storey and Tibshirani, 2003).   
 
Verification of transcription level by quantitative reverse transcriptase PCR 
Forty-five genes were selected from the highly up- or down-regulated gene lists in the 
microarray experiment for verification.  The sequences of the selected barley genes were 
retrieved from PLEXbd and the sequences were used to search (BLASTn) against a data set 
of 2,900 perennial ryegrass ESTs from our lab and a data set with over 10,000 perennial 
ryegrass contigs from the Danish Institute of Agricultural Sciences, Denmark.  Only the 
probe sets that had significant matches (e-value ≤ 1e–20) and had the similar annotations with 
perennial ryegrass EST sequences were used for primer design.  Gene-specific primers were 
designed based on the EST or contig sequences of perennial ryegrass by using Primer 3 
(Rozen and Skaletsky, 2000).  The primers were then screened by reverse transcriptase PCR 
(RT-PCR) using 25 ng of total RNA isolated from perennial ryegrass cv. ‘Caddyshack’ as 
templates.  Sixteen pairs of primers that produced a single and clear band with expected band 
sizes were selected for quantitative reverse transcriptase PCR (qRT-PCR).  The native 
glyceraldehyde-3-phosphate dehydrogenase (LpGADPH) gene was used as the reference 
gene. 
Leaf tissues were collected from 0 (NA), 1, and 7 d CA plants with four biological 
replications as described above.  Total RNA was isolated by using RNeasy Plant Mini Kit 
(QIAGEN, Valencia, CA) and quantified by GeneQuant Pro spectrophotometer (Amersham 
Biosciences, Buckinghamshire, England).  A total of 40 µL of first-strand cDNA was 
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synthesized from two micrograms of total RNA by using QuantiTech Reverse Transcription 
Kit (QIAGEN, Valencia, CA).  First strand cDNA derived from 25 ng of total RNA was used 
as the template for each reaction in Quantitative PCR by using QuantiTect SYBR Green PCR 
master mix (QIAGEN, Valencia, CA).  A thermal cycler profile of 95°C for 15 min, 40 
cycles of 94°C for 15 s, 53°C for 30 s and 72°C for 50 s, followed by a melting curve 
analysis, was used in the Mx4000TM Multiplex Quantitative PCR System (Stratagene, La 
Jolla, CA).  The threshold cycle (Ct) values for each gene were then normalized by using the 
LpGADPH values.  A serial dilution of cDNA derived from 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64 
and 128 ng of total RNA from the reference gene  LpGADPH was used to generate a 
standard curve by plotting the Ct values against log (ng of RNA) values to test the efficiency 
(E) and correlation coefficient (R2).  The relative abundance of the mRNA was calculated as 
Ratio = (1+ E)-∆Ct  (Pfaffl 2001), where ∆Ct = CtCA-CtNA (In this study E= 96.7%, R2= 0.998). 
 
Data interpretation and gene ontology (GO) mapping of the differentially regulated genes 
The results calculated by the three-step combination of ‘IdealMM + scaling + 
tukey.biweight’ were transported into Microsoft Excel and sorted based on q-values and 
magnitude of changes.  The cutoff for q-value was set as 0.1, which means we expect 90% of 
identified genes are truly differentially expressed.  Only the probe sets that were deemed as 
differentially regulated (q ≤ 0.1) by 1 d or 7 d of cold acclimation were included for further 
analysis.  For probe sets described as “no hits found” or “encoding unknown protein” for the 
barley Affymetrix chips, the sequences of these probe sets were retrieved from PLEXbd at 
(http://www.plexdb.org/modules/tools/get_seq.php) by inputting the probe IDs.  The 
sequences were then used to search against GenBank nonredundant (nr) database using 
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BLASTx (Best Local Alignment Search Tool) for updated gene descriptions.  Expression 
patterns of differentially expressed genes (q ≤ 0.1) were created by sorting the signal 
intensity values across 0, 1, or 7 d of cold acclimation using Microsoft Excel. 
Because of rice’s close phylogenetic relationship with perennial ryegrass, it’s 
completely sequenced and well annotated genome, its genome information was selected as 
the first option for interpretation during GO mapping of differentially regulated genes.  
Arabidopsis genome information was used as a complement.  To map the genes into the 
subcategories of the three primary GO categories, which are biological process (BP), cellular 
component (CC) and molecular function (MF), the barley probe IDs were used to search the 
corresponding rice locus IDs at the Plant Expression Database by using the Gene List Suite 
tool (http://www.plexdb.org/modules/glSuite/gl_main.php).  The rice locus IDs were then 
inputted into the textbox of Genome Annotation Batch Download at the TIGR website 
(http://rice.plantbiology.msu.edu/data_download.shtml) for searching GOSlim assignments.  
The probes that had no match from the rice-protein database or could not be mapped into the 
rice GO categories were used to search for the Arabidopsis locus ID using the same Gene 
List Suite Tool at the Plant Expression Database.  The locus IDs were then inputted into the 
textbox of the Generic Gene Ontology Mapper (http://go.princeton.edu/cgi-
bin/GOTermMapper) to map the genes into GO categories of the Arabidopsis database.  The 
numbers of probes mapped in each category or subcategory were calculated for each cold 
acclimation time point.  The results from both rice and Arabidopsis were combined.  Fisher’s 
Exact Tests were performed to evaluate which subcategories are enriched among the 
differentially expressed genes (P ≤ 0.05).  
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The cDNA sequences for the probes that represent dehydrin genes from the barley 
GeneChip were retrieved from PLEXbd and their corresponding protein sequences were 
retrieved from NCBI protein database or translated by the NCBI-ORF (open reading frame) 
for the unique gene sequences.  A cladogram was constructed by ClustalW2 server 
(http://www.ebi.ac.uk/Tools/clustalw2/) by using the neighbor-joining method.  All 
parameters used were default. 
 
Results 
Comparison of normalization methods 
Because the microarray experiment we conducted is a cross-species hybridization, we 
examined carefully the normalization procedures using the three-step method provided in the 
“affy” package of R software (Gentleman et al. 2005).  The three-step method divides the 
normalization procedure into the “background correction” step that corrects local or global 
background introduced during hybridization, the “normalization” step that normalizes data in 
each chip to make different chips comparable, and the “summarization” step that summarizes 
the gene expression value for each probe set (Gentleman et al. 2005).  By using the 
Affymetrix recommended method “Microarray Analysis Suite 5 (MAS5)”, which uses the 
three-step combination of (MASIM + scaling + tukey.biweight), very few genes were 
identified as differentially expressed in the cold-acclimated (CA) and the nonacclimated 
(NA) plants if we control the false discovery rate (FDR) at 10% (q-value ≤ 0.1), and no gene 
with a two-fold or more differences was identified (Table 1).  A relatively larger number of 
genes were identified as differentially expressed at the FDR level of 10% by using the 
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“Robust Multi-array Average (RMA)” method, which uses the three-step combination of 
(RMA + quantile + median.polish), but very few genes with a two-fold or more magnitude 
changes.  Due to possible differences between  cross-species and same-species hybridization 
in signal detection, standard methods such as MAS5 and RMA might not be ideal choices.  
Therefore, different combinations of three-step normalization method were applied for data 
normalization.  Large variations were observed among the results generated from the 24 
combinations of the three steps (Table 1).  Regardless of step 2 and step 3, step 1 (the 
background correction step) showed the greatest influence on the results.  For example, when 
MAS, RMA, MASIM, or IdealMM were used as the first step in the three-step procedure, the 
results were an average of 2643, 2326, 14, and 1567 genes, respectively at the FDR level of 
10% for 1 d CA vs. NA plants out of the 22,000 genes surveyed.  However, only the 
combinations in which IdealMM was used as the first step identified relatively greater 
numbers (500 or more) of genes that were up- or down-regulated more than two fold (Table 
1).  The combination of ‘IdealMM + scaling + tukey.biweight’ identified 1540 and 1886 
genes at the FDR level of 10% for 1 d CA vs. NA and 7 d CA vs. NA, respectively.  Among 
these genes with a FDR of 10%, a total of 859 genes in 1 d CA and 981 genes in 7 d CA were 
observed two-fold or more changes compared to NA plants (Table 1).   
The results from the combinations of three-step normalization methods were verified 
by the qRT-PCR results.  Fourteen genes, which were identified as differentially expressed in 
CA and NA plants by the three step combination of “IdealMM + scaling + tukey.biweight”, 
were select for qRT-PCR analysis.  Results of qRT-PCR confirmed that the expression 
patterns of these fourteen genes were consistent with the signal-intensity patterns observed in 
the microarray study (Table 5).  Therefore, the results derived from the three-step 
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combination of “IdealMM + scaling + tukey.biweight” were reported and selected for further 
analysis.  
 
Numerous genes were differentially expressed following 1 d or 7 d of cold acclimation  
By setting the cutoff q-value at 0.1, a total of 829 and 1,132 genes out of 22,000 genes on the 
chip were identified as being up-regulated in 1 d and 7 d CA plants compared with NA 
plants, respectively (Table 2).  Meanwhile, 711 genes in 1 d CA and 754 genes in 7 d CA 
materials were identified as being down-regulated.  Approximately one-half of the genes in 
each up-regulated and down-regulated group exhibited two fold differences between the CA 
and the NA plants (Table 1).  A total of 342 genes were continuously up-regulated and 196 
genes were continuously down-regulated following 1 d and 7 d cold treatment.  
Approximately 12.6% of the 22,000 genes surveyed were identified as responsive to either 1 
d or 7 d of cold acclimation treatment (Table 2).  The descriptions for the genes that were up-
regulated by 5-fold or more (Table 3) and down-regulated by 4-fold or more (Table 4) 
following either 1 d or 7 d of cold acclimation are listed.  Ice recrystallization inhibition 
protein genes, dehydrin genes, and COR genes were the most frequently observed gene 
groups for up-regulated genes.  Chlorophyll-binding protein genes were the most frequently 
observed gene family in the down-regulated group.  Results of qRT-PCR revealed that the 
relative abundance of transcripts were increased over two thousand times for LpIRI-a and 
over four hundred times for LpIRI-b (Table 5). 
By setting the cutoff q-value at 0.1 for both 1 d and 7 d, four types of expression patterns 
were observed for both up-regulated and down-regulated gene group across the 0, 1, and 7 d 
of cold acclimation (Supplemental Fig. 1S).  For up-regulated genes (Fig. 1Sa), 162 were 
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identified as continuously up-regulated, and the expression level at 7 d was equal or higher 
than that at 1 d (A: 0 < 1 d ≤ 7 d).  Most of the ice recrystallization inhibition (IRI) protein 
genes and cold-acclimation protein genes were classified into this pattern.  Meanwhile there 
were 180 genes identified as up-regulated at both 1 d and 7 d, but the expression level at 7 d 
was lower than that at 1 d (B: 0 ≤ 7 d < 1 d).  All cold-responsive dehydrin genes followed 
this expression pattern.  For the down-regulated gene groups (Fig. 1Sb), 295 genes followed 
the expression pattern of H (0 h ≈ 1 d > 7 d), which had the highest number among the four 
possible patterns. 
Because the dehydrin gene group is one of the most frequently observed gene 
families in the up-regulated gene list (Table 3, not all dehydrin genes are included), a 
phylogenic classification of barley dehydrin genes was performed.  Twenty probe sets for 
dehydrin genes were present in the barley GeneChip, representing a total of seventeen unique 
dehydrins.  A cladogram of the seventeen dehydrin genes was constructed based on the 
amino acid sequence of the proteins (Fig. 2S).  Among these seventeen dehydrin genes, six 
were up-regulated by cold-acclimation at q < 0.1 level, and another one was up-regulated at q 
< 0.3 level in perennial ryegrass.  All the seven cold-responsive dehydrin genes were 
clustered into the same clade, which includes 10 dehydrin genes (Fig. 2S, upper 10 sequence 
groups).  In this clade, only two Dhn 6 and one Dhn 11 homolog genes were not  cold-
responsive (Fig. 2S). 
 
Gene ontology mapping of cold-responsive genes suggests broad involvement of various 
pathways   
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Mapping of the cold-responsive genes into GO subcategories showed that the proportion of 
the differentially regulated genes in some subcategories was much higher than that in other 
subcategories or the average of the total mapped genes.  Fisher’s Exact Tests revealed that 
six subcategories of biological process (BP), four subcategories of cellular component (CC) 
and four subcategories of molecular function (MF) are enriched among the differentially 
expressed genes (P-value ≤ 0.05; Table 5).  The greatest up-regulation ratio was observed in 
ribosome (CC), in which, 16.4% of the genes were up-regulated following a 7 d cold 
acclimation.  The greatest down-regulation ratio was observed in photosynthesis (BP), in 
which, about 29.5% of the genes in this category were down-regulated by a 1 d cold 
acclimation treatment, and 15.4 % of the genes were down-regulated by a 7 d of cold 
acclimation.  No genes involved in photosynthesis were up-regulated at 1 d and only 2.6% of 
genes were up-regulated at 7 d.  In the intracellular component (CC), a large proportion of 
genes were either up-regulated or down-regulated by 1 d (25%) and 7 d (29.0%) of cold 
acclimation (Table 5).  No genes involved in the anatomical structure morphogenesis 
category (not listed) were differentially regulated by cold acclimation.  
Further classification showed that genes in many GO subcategories had temporal 
preferences in their expression.  The subcategories with distinct temporal preferences are 
listed in Fig. 1a and b.  For up-regulated subcategories, a majority of the genes were up-
regulated at 1 d in 11 subcategories, and in seven of these subcategories, more than half of 
the genes remained at the elevated expression level at 7 d.   For example, all the cold up-
regulated genes in the subcategories of embryonic development (BP), post embryonic 
development (BP) and cell communication (BP) were activated at 1 d, and all the genes 
remain up-regulated at 7 d (Fig. 1a).  A large proportion of the genes in the cell wall (CC), 
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responses to different stimulus (BP) was up-regulated at 1 d and maintained the elevated 
level until 7 d.  In other six subcategories, the majority of the genes were up-regulated only at 
7 d (Fig.1a).  For example, in the subcategories of ribosome (CC), structural molecule 
activity (MF), and translation (BP), most genes were up-regulated only at 7 d (Fig. 1a).  For 
the down-regulated subcategories, most genes showed a rapid response.  The majority of the 
involved genes were down-regulated in 11 out of 14 listed subcategories at 1 d but very few 
genes maintained the depressed expression level through 7 d (Fig. 1b).  Most down-regulated 
genes in the endoplasmic reticulum, photosynthesis and translation categories (BP) were 
down-regulated at 1 d, and the expression levels of a relatively small proportion of the genes 
were further depressed at 7 d following cold treatment (Fig. 1b ).  In the subcategories of 
receptor activity (MF), vacuole (MF) and structural molecule activity (MF), down regulation 
of the majority of genes was observed at 7 d only.  Interestingly, a significant down-
regulation for translation (BP) and cytosol (CC) occurred at 1 d, but a significant up-
regulation occurred at 7 d (Fig. 1a-b).   
 
Discussion 
Selection of background correction method is critical for cross-species microarray 
study  
Varied results were obtained from the same hybridization signal intensity data when different 
normalization procedures were used, especially with different background correction 
methods.  The three-step combinations starting with MAS, MASIM, RMA, including the 
MAS5 and the RMA normalization methods, have a non-specific background correction step 
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by subtracting an estimated background value for each section or each spot of the chip 
(Gentleman et al. 2005).  The non-specific background correction will decrease the value of 
signal intensity on the chip.  The three-step normalization procedures starting with IdealMM 
do not include such a non-specific background correction step, but include a specific 
background correction by considering a perfect match (PM) value and a calculated ideal 
mismatch (IdealMM) value for each spot (Gentleman et al. 2005).  Therefore, the IdealMM 
background correction allows higher signal intensity values to be carried into further analysis 
compared to the non-specific background correction method.  Because the hybridization and 
washing stringencies were decreased in this study to optimize the results for the cross-species 
microarray study, higher signal intensities may have been introduced into each spot than 
those with standard hybridization and washing conditions.  The IdealMM method is more 
relax on background correction, which allows those higher signal intensities to be considered 
in later calculation.  In contrast, the higher signal intensities introduced by the optimized 
hybridization and washing conditions are eliminated by the non-specific background 
correction method, and the magnitudes of expression differences for each gene between the 
CA and NA plants may have been diminished.  The normalization procedures that only 
include the specific background correction can keep the magnitudes of differences from 
diminishing in such kinds of cross-species studies.   
RNA-based probe selection (Ji et al. 2004) or genomic DNA-based probe selection 
(Hammond et al. 2005) has been used to improve the results of cross-species microarray 
study.  By using the IdealMM background correction method, followed by normalization and 
summary steps, in which the computer software automatically calculates an ideal mismatch 
value for background correction, the analysis of expression profiles was improved in our 
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study.  Compared to the RNA-based probe selection or genomic DNA-based probe selection, 
our strategy of modifying hybridization and washing conditions, plus the three-step 
normalization method, was less expensive and easier to implement.  No special programming 
techniques or statistical calculation procedures for probe selection are required with our 
current strategy. 
 
Cross-species microarray analysis provides reliable information on perennial ryegrass 
response to cold stress 
Numerous genes were identified as being up- or down-regulated by cold acclimation in the 
current study.  Results of qRT-PCR analysis on the expression of fourteen cold-responsive 
genes validated the use of a barley heterologous microarray for perennial ryegrass gene 
expression study.  Although the magnitude of the differences between the microarray signal 
intensities and qRT-PCR results varied, the overall trends were similar between these two 
methods.  Because cross-species hybridization was used in this study, the imperfect sequence 
match between the probes and homologous genes of perennial ryegrass may reduce 
quantitative accuracy when compared to the qRT-PCR results which were generated by using 
primers designed specifically from genes of perennial ryegrass (Table 5).  Our results are 
consistent with previous work on plants in response to cold stress.  Up-regulation of genes 
encoding heat shock proteins, IRI proteins, Late embryogenesis abundant protein (LEA) 
proteins, and down-regulation of genes encoding chlorophyll a/b binding proteins during cold 
acclimation have been observed in previous studies (Seki et al. 2002; Zhang et al. 2009).  
Expression of the IRI, LEA, and heat shock protein genes enhances plant freezing tolerance 
(Griffith et al. 1997; Thomashow 1999).  The expression patterns of the IRI, LEA, and 
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chlorophyll a/b binding genes during 0 d, 1 d and 7 d are consistent among the results of RT-
PCR analysis (Zhang et al., 2009), the current microarray and the qRT-PCR analyses.  The 
qRT-PCR results also confirmed that the results derived from three step analysis methods 
“Ideal MM+ scaling + tukey.biweight” are reliable. 
Dehydrins accumulate during cold acclimation in many temperate plant species and 
play an important role in enhancement of cold tolerance of the plants (Thomashow 1999).  
Zee et al. (1995) has shown that the barley dehydrin gene Dhn 5 was up-regulated by cold 
temperature, whereas Dhn 1 and Dhn 2 were not.  Our results on dehydrins in perennial 
ryegrass are consistent with those of Zee et al. (1995) (Fig. 2S).  These results support the 
premise that genes from both perennial ryegrass and barley share sequence matches and 
appear to be functionally conserved.   
 Compared to a previous EST study in perennial ryegrass, in which 174 genes were 
identified with a two-fold or more difference in abundances between the CA and the NA library, 
the current microarray study identified 2,870 genes that were differentially expressed, and 
about 1,400 genes that exhibited a two-fold or more difference between the CA and the NA 
perennial ryegrass plants.  Microarray analysis allowed a wider genomic coverage and 
detected a larger number of differentially regulated genes, thus providing more information 
compared to EST analysis.   
 
Biological pathways in response to cold stimulation  
If the ratio of differentially regulated genes in a GO subcategory increases, then the 
corresponding pathway may play an important role in the response to cold stress.  Our results 
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showed that many pathways were differentially regulated during cold acclimation.  
Photosynthesis was the most affected biological process, in which, around 30% of the 
involved genes were down-regulated.  These results are consistent with previous studies in 
Arabidopsis (Seki et al. 2002; Hannah et al. 2005), Rhododendron catawbiense (Wei et al. 
2005), and Apple (Jensen et al. 2003).  Down-regulation of photosynthesis, molecular 
function of oxygen binding, and nucleic acid binding reflects the reduced metabolic 
requirement of the plants under cold condition, and is a mechanism for reducing toxic 
products, such as reactive oxygen species (Hannah et al. 2005).  Regulation of processes in 
response to extracellular stimulus, cell communication, and generation of precursor 
metabolites and energy during cold acclimation are known to play important roles in 
increasing cold tolerance.  These processes are either involved in sensing and transporting of 
cold signals, or involved in synthesis of cold protective molecules, such as LEA proteins 
(Thomashow 1999; Chinnusamy 2006).  The cellular components of thylakoid were down-
regulated during cold acclimation in our study, similar to the results of a study in spinach 
(Garber and Steponkus 1975).  Increased gene expression for ribosome components in 
response to cold stimulation have been reported in many eukaryotes (Thieringer et al. 1998).  
During cold acclimation, up-regulation of translational processes and RNA-binding related 
genes, and structural molecule activity in different plants has been previously reported (Seki 
et al. 2002; Chinnusamy et al. 2006).  Regulation of the cellular components of the 
endoplasmic reticulum, cytosol, cell wall and nucleolus leads to the modification of their 
structures and components, and enhances the freezing tolerance of plants (Anderson et al. 
1994; Thomashow 1999).  Regulation of cellular component organization and biogenesis 
(BP) and structural molecule activity (MF) coordinates the changes in plants, such as the 
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possible transportation of IRI proteins into intercellular spaces and membrane modification to 
protect the plants from freezing injury (Atici and Nalbantoglu 2003).  Up-regulation of 
translation related pathways has been reported in Arabidopsis during moderate dehydration 
stress (Kawaguchi et al. 2004).  Increasing the translation processes and cytosol components 
at a later stage facilitates the translation of proteins that enhance cold tolerance and increase 
the ion concentration of the cytosol (Chinnusamy et al. 2006). 
The GO clustering results indicate that biological pathways are regulated with distinct 
temporal patterns in response to cold stimulation.  The pathways involved in stimulation 
responses and signal transductions are among the earliest responsive pathways.  The majority 
of the responsive genes in these related subcategories were activated by 1 d of cold 
acclimation in our study.  Plants also repress many basic metabolic pathways at an earlier 
stage, such as photosynthesis, to meet reduced metabolic requirements under cold stress, and 
to minimize the production of reactive oxygen species (Hannah et al. 2005).  The pathways 
involved in cell structural modification and cell component organization usually took place 
between 1 and 7 d of cold acclimation.  Our results also suggested that after sensing the cold 
signal, down-regulation of genes involved in cold-responsive pathways tends to be a rapid 
temporary response, whereas up-regulation tends to be either a rapid or a slower long-term 
response.  By systemically regulating gene expression in an orderly manner, perennial 
ryegrass and perhaps other temperate plants gradually acquire tolerance to cold temperatures.  
These temporal patterns may explain the observation that plants require a minimum period of 
exposure to non-freezing cold temperature to be fully acclimated.  For example, perennial 
ryegrass needs at least two weeks of cold acclimation at 4 °C to minimize freezing-induced 
ion leakage (Zhang et al., 2009).     
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List of tables 
 
Table 1.  Number of differentially regulated genes when FDR is controlled at 10% (q-value ≤ 
0.1) and a fold change of either 2 or 0.5 as detected by different normalization methods.  
Signal intensity data (.CEL file) were analyzed by using the ‘Bioconductor package affy’ 
associated with the statistical computing software “R ".  The normalized data were analyzed 
by using the limma package in “R”.  
 
 
Three-step combinations  
 
Number of genes (q ≤ 0.1) 
 
1 d CA vs. NA  
 
7 d CA vs. NA  
  
q ≤ 0.1 
FC 
≥ 2 
FC 
≤ 0.5   q ≤ 0.1 
FC 
≥ 2 
FC 
≤ 0.5 
MAS + quantile + median.polish 2519 9 13   4596 4 3 
MAS + quantile + tukey.biweight 2261 22 20   3471 23 19 
MAS + quantile.probeset + median.polish 2415 11 12   4461 6 3 
MAS + quantile.probeset + tukey.biweight 2708 24 20   3434 22 18 
MAS + scaling + median.polish 3173 10 15   4596 4 4 
MAS + scaling + tukey.biweight 2782 25 20   3554 24 18 
        
MASIM + quantile + median.polish 20 13 7   19 12 7 
MASIM + quantile + tukey.biweight  6 6 0   11 11 0 
MASIM + quantile.probeset + median.polish 21 14 7   15 11 4 
MASIM + quantile.probeset + tukey.biweight  7 7 0   6 6  0 
MASIM + scaling + median.polish 23 16 7   23 15 8 
MASIM + scaling + tukey.biweight (MAS5) a 7 7  0   8 8  0 
        
RMA + quantile + median.polish (RMA) b 2403 15 17   4197 13 12 
RMA + quantile + tukey.biweight 3066 70 57   3606 62 64 
RMA + quantile.probeset + median.polish 2023 17 17   3988 12 11 
RMA + quantile.probeset + tukey.biweight 2308 68 62   2618 74 54 
RMA + scaling + median.polish 2228 16 18   2921 11 15 
RMA + scaling + tukey.biweight 1928 68 62   2401 92 57 
        
IdealMM + quantile + median.polish 1439 305 267   1997 376 301 
IdealMM + quantile + tukey.biweight  1628 454 440   1783 494 430 
IdealMM + quantile.probeset + median.polish 1544 318 280   1926 368 308 
IdealMM + quantile.probeset + tukey.biweight 1656 449 454   1723 500 414 
IdealMM + scaling + median.polish 1532 343 251   1907 420 287 
IdealMM + scaling + tukey.biweight 1540 472 387   1886 580 401 
Abbreviations: FC, fold changes; MAS5, microarray analysis suite 5; RMA, roust multi-array 
average; IdealMM, ideal mismatch; MASIM, MAS+ ideal mismatch. a the combination of 
“MASIM + scaling + tukey.biweight” is the procedure used in the normalization method  “MAS5”; b 
the combination of “RMA + quantile + median.polish” is the procedure used in the normalization 
method “RMA”. 
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Table 2.  Number of genes that were differentially regulated during cold acclimation detected 
by ‘IdealMM + scaling + tukey.biweight’ 
 
   1 d (%)  7 d (%) 
At both 1 
d and 7 d 
(%) Total (%) 
Number of up-regulated genes  829 (3.6) 1132 (5.0) 342 (1.5)  1619 (7.1) 
Number of down-regulated genes  711 (3.1)   754 (3.3) 196 (0.9)  1269 (5.6) 
Number of differentially regulated genes 1540 (6.7) 1886 (8.3)  538 (2.4) 2870 (12.6) * 
 
* Because there were 18 genes that were regulated in opposite directions at 1 d and 7d, the 
total number of the differentially regulated genes is not equal to the sum of the row 1 and row 
2.   
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Table 3.  Genes that are up-regulated more than 5 folds (CA vs. NA ≥ 5) by either 1 d or 7 d 
of cold acclimation  
ID 
 
  1 d vs. control  7 d vs. control  
  Full Description 
e value Organism 
FC q-value  FC q-value  
Contig5833_at 35.6 7e-09 20.8 5e-08 hydroxymethylglutaryl-CoA 
reductase (NADPH) 4e-93 Oryza sativa 
Contig7221_s_at 29.9 2e-07 1.01 0.6 NS ice recrystallisation inhibition protein 8e-33 Lolium perenne 
Contig3670_at 28.2 7e-08 28.7 6e-08 ice recrystallisation inhibition protein 9e-38 Lolium perenne 
Contig2812_at 23.4 4e-07 11.0 6e-06 cold-responsive LEA/RAB-related COR protein, Wrab17 6e-75 Triticum aestivum 
HVSMea0006I22r2_s 16.4 2e-07 2.6 3e-02 dehydrin 5 1e-04 Hordeum vulgare 
Contig4633_x_at 11.8 7e-04 4.1 2e-02 dermal glycoprotein precursor 3e-37 Oryza sativa 
Contig4633_at 11.5 6e-04 5.8 5e-03 dermal glycoprotein precursor 3e-37 Oryza sativa 
Contig14768_at 10.8 1e-05 10.1 2e-05 VIT1: vaculor iron transporter1 1e-48 Arabidopsis 
thaliana 
Contig4928_at 10.6 1e-04 6.3 8e-04 glutamate dehydrogenase e-105 Brassica napus 
Contig2924_s_at 10.2 2e-06 11.4 9e-07 aldehyde dehydrogenase homolog Dha1 5e-15 Sorghum bicolor 
Contig2058_s_at 8.8 8e-06 11.7 2e-06 Triticum aestivum clone wre1 9e-31 Triticum aestivum 
Contig11090_at 8.6 7e-07 9.5 5e-07 fiber protein Fb19 2e-70 Zea mays 
Contig5688_at 7.8 6e-03 3.3 6e-02 zinc finger transcription factor 3e-78 Oryza sativa 
Contig17245_at 7.7 1e-03 2.2 8e-02 similar to Arabidopsis thaliana 
chromosome 1, At1g71360 5e-63 
Arabidopsis 
thaliana 
Contig6890_at 7.6 3e-05 6.0 9e-05 MD-2-related lipid recognition domain-containing protein 2e-13 Zea mays 
HB09A11w_at 7.0 6e-04 2.3 5e-02 Gamma-hordein1 precursor 7e-04 Hordeum vulgare 
HM03K13u_at 6.7 3e-04 0.79 0.48 NS 3-beta-hydroxysteroid dehydrogenase 4e-12 
Arabidopsis 
thaliana 
Contig3151_at 6.7 4e-04 7.5 2e-04 germin A e-118 Hordeum vulgare 
Contig13792_s_at 6.6 2e-03 5.4 3e-03 1,4-beta-D xylan xylanohydrolase e-128 Hordeum vulgare 
Contig8258_s_at 6.2 2e-02 1.3 0.47 NS cystatin 8e-57 Triticum aestivum 
Contig11930_at 5.9 6e-04 3.6 5e-03 CCAAT-binding transcription factor 
subunit 2e-27 
Arabidopsis 
thaliana 
Contig22623_at 5.9 1e-02 4.9 2e-02 ethylene-forming-enzyme-like dioxygenase 3e-24 Oryza sativa 
Contig5965_at 5.7 1e-03 5.9 9e-04 ADR11-2 auxin down-regulated 7e-08 Glycine max 
Contig18219_at 5.6 4e-04 1.7 1e-01 <none>   
Contig23004_at 5.6 2e-05 4.3 1e-04 <none>   
Contig26247_at 5.4 2e-03 3.0 2e-02 <none>   
Contig998_s_at 5.4 1e-03 0.5 1e-01 heat shock protein 70 2e-70 Oryza sativa 
Contig1717_s_at 5.3 1e-05 5.2 1e-05 dehydrin Dhn5 3e-80 Hordeum vulgare 
eBem09_SQ007_D05_s 5.3 3e-03 0.4 8e-02 <none>   
Contig10150_at 5.3 5e-03 2.9 4e-02 barley cDNA clone: FLbaf96k18 0e+00 Hordeum vulgare 
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Table 3. (continued)        
ID 
 
  1 d vs. control  7 d vs. control  
  Full Description 
e value Organism 
FC q-value  FC q-value  
Contig1039_at 5.3 7e-04 5.2 8e-04 Glycine-rich cell wall structural protein precursor 9e-07 Hordeum vulgare 
Contig4433_s_at 5.3 4e-04 3.0 5e-03 P-rich protein Nt-SubC29 6e-18 Nicotiana tabacum 
Contig6182_at 5.3 9e-04 3.6 5e-03 hyoscyamine 6-dioxygenase hydroxylase 2e-88 
Arabidopsis 
thaliana 
Contig22954_at 5.2 6e-03 4.9 8e-03 RING-H2 finger protein ATL2L 5e-29 Arabidopsis 
thaliana 
HVSMeb0003G21r2_s 5.1 3e-02 1.01 0.64 NS <none>   
Contig3668_at 5.1 2e-03 5.2 2e-03 ice recrystallisation inhibition protein 1e-33 Lolium perenne 
Contig15337_at 5.0 3e-02 5.0 2e-02 serine/threonine kinase-like protein 7e-75 Oryza sativa 
Contig1713_s_at 4.7 2e-02 5.0 1e-02 dehydrin; Dhn4 2e-05 Hordeum vulgare 
Contig18859_at 4.4 2e-02 5.4 1e-02 unknown protein 2e-05  
Contig2340_at 4.4 9e-02 8.8 2e-02 putative ribosomal protein L27 2e-63 Oryza sativa 
Contig4096_at 4.4 1e-04 6.4 1e-05 isovaleryl-CoA Dehydrogenase e-116 Pisum sativum 
Contig3369_s_at 4.2 3e-03 5.9 8e-04 C13 endopeptidase NP1 precursor 1e-83 Hordeum vulgare 
Contig11737_at 4.0 5e-04 5.3 1e-04 hypothetical protein OsI_04958 2e-69 Oryza sativa 
HVSMea0006I21r2_x 3.1 1e-02 19.7 7e-08 <none>   
Contig10480_at 2.6 0.29 NS 5.8 9e-02 DSBA-like thioredoxin domain 
containing protein 1e-84 Zea mays 
Contig12610_at 2.6 1e-02 5.9 2e-04 aspartate carbamoyltransferase 8e-99 Triticum aestivum 
Contig12340_at 2.6 4e-02 7.2 6e-04 thiol methyltransferase 1 3e-21 Brassica oleracea 
HS17J01u_at 2.6 7e-02 5.2 2e-02 barley mRNA for IDI2 3e-77 Hordeum vulgare 
Contig2290_s_at 2.5 1e-01 5.3 1e-02 60S ribosomal protein L31 2e-41 Perilla frutescens 
Contig545_s_at 2.2 0.26 NS 5.7 4e-02 60S ribosomal protein L2, cytosolic e-129 Solanum lycopersicum 
Contig11092_at 2.2 2e-02 6.4 1e-04 putative stress enhanced protein 8e-18 Oryza sativa 
Contig12281_at 2.1 0.23 NS 5.7 2e-02 hypothetical protein OsI_20207 8e-172 Oryza sativa 
Contig392_s_at 1.5 0.40 NS 5.9 1e-02 60S ribosomal protein L35 4e-33 Euphorbia esula 
Contig16853_at 1.4 0.41 NS 4.6 7e-03 expressed protein; protein id: At2g02370.1 5e-63 
Arabidopsis 
thaliana 
Contig16912_s_at 1.3 0.47 NS 6.2 2e-03 exoribonuclease family, domain 1 
containing protein 2e-62 
Arabidopsis 
thaliana 
Contig6706_at 1.2 0.55 NS 5.2 2e-02 sugar transporter 2e-66 Oryza sativa 
Contig8657_at 1.0 0.67 NS 5.0 3e-02 OSJNBb0063G05.19 7e-83 Oryza sativa 
eBro02_SQ006_C05 0.97 0.63 NS 6.0 9e-05 <none>   
HVSMeb0014M03r2 0.90 0.46 NS 5.3 2e-04 barley cDNA clone: FLbaf87k03 5e-25 Hordeum vulgare  
Contig8986_at 0.87 0.35 NS 5.0 7e-02 putative AT-Hook DNA-binding 
protein 
2e-90 Oryza sativa 
HV09A08u_x_at  0.67 0.41 NS 8.9 2e-02  40S ribosomal protein S3A 3e-15 Avena fatua 
FC, fold changes; NS, not significant; q-value is used to control false discovery rate (FDR).
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Table 4.  Genes that are down-regulated more than 4 folds (CA vs. NA ≤ 0.25) by either 1 d 
or 7 d of cold acclimation  
ID 
 
1 d vs. control  7 d vs. control  Full Description e value Organism 
 FC q-value        FC q-value 
   
HVSMen0020J05f_x 0.04 1e-05 1.12 0.56 NS chlorophyll a/b-binding protein precursor 3e-28 Hordeum vulgare 
HT12H07u_x_at 0.08 2e-03 0.52 1e-01 barley cDNA clone: FLbaf165p12 7e-100 Hordeum vulgare 
Contig10975_at 0.13 4e-03 0.50 2e-01 stromal cell-derived factor 2-like protein 2e-102 Oryza sativa 
Contig2493_s_at 0.14 2e-04 0.48 4e-02 beta-fructofuranosidase, vacuolar e-102 Triticum aestivum 
Contig617_x_at 0.14 3e-02 0.36 2e-01 chlorophyll a/b-binding protein WCAB precursor 1e-88 Triticum aestivum 
Contig981_s_at 0.14 4e-04 1.26 0.26 NS chlorophyll a/b binding protein 3e-95 Oryza sativa 
HS07J06u_s_at 0.14 1e-02 0.82 0.33 NS gamma tonoplast intrinsic protein (TIP)  4e-13 Hordeum vulgare 
eBpi01_SQ002_L03 0.14 2e-03 1.06 0.55 NS Cf2/Cf5 disease resistance protein 8e-08 Oryza sativa 
Contig9052_at 0.15 1e-03 0.96 0.59 NS strictosidine synthase-related protein 1e-83 Arabidopsis 
thaliana 
Contig16032_at 0.16 3e-02 0.76 0.51 NS  antigen receptor 5e-20 Arabidopsis 
thaliana 
rbah36p13_s_at 0.17 5e-02 0.27 1e-01 putative cytochrome P450 9e-33 Oryza sativa 
Contig17301_at 0.17 1e-02 0.69 0.40 NS VQ motif-containing protein-like 1e-70 Oryza sativa 
HVSMen0017L11f 0.17 2e-03 0.51 0.26 NS light harvesting chlorophyll a/b-binding protein 3e-17 
Nicotiana 
sylvestris 
Contig432_x_at 0.17 3e-02 0.72 047 NS chlorophyll a/b-binding protein WCAB precursor e-128 Triticum aestivum 
HV04A02u_at 0.18 2e-03 1.42 0.42 NS xylanase 2 (Xyl2) precursor 3e-62 Cochliobolus 
carbonum 
Contig23287_at 0.19 3e-03 0.24 6e-03 rice genomic DNA, chromosome  2e-04 Oryza sativa  
Contig8972_at 0.19 5e-03 0.78 0.26 NS L-galactono-1,4-lactone dehydrogenase 6e-92 Cucumis melo 
HVSMeg0016P19f_x 0.21 6e-04 1.10 0.56 NS  <none>   
Contig12086_at 0.21 2e-02 0.24 2e-02 lipid binding protein 4e-33 Zea mays 
Contig1529_at 0.21 4e-02 0.24 5e-02  LHCI-680, photosystem I antenna protein e-143 Hordeum vulgare 
HVSMeg0010H15r2_s 0.22 1e-02 1.00 0.69 NS tpr domain containing protein/low PSII accumulation 8e-23 Oryza sativa 
Contig21617_at 0.22 5e-03 0.51 1e-01 peroxidase 1e-05 Oryza sativa 
Contig2867_at 0.22 2e-02 0.55 0.21 NS pyruvate decarboxylase e-127 Zea mays 
HVSMeb0005B02r2 0.23 1e-02 1.57 0.22 NS Lissencephaly type-1-like homology 
motif; CTLH 2e-06 
Medicago 
truncatula 
Contig23446_at 0.23 4e-02 0.37 1e-01 protein kinase-like 1e-08 Oryza sativa  
Contig12426_at 0.23 3e-03 0.43 4e-02 chloroplast RelA homologue 1 2e-40 Oryza sativa 
HV_Cea0002I05r2 0.23 9e-03 0.84 0.29 NS gibberellin receptor GID1L2 2e-18 Zea mays 
Contig8710_at 0.24 3e-02 0.85 0.40 NS seed globulin 2e-45 Aegilops tauschii 
Contig433_x_at 0.24 3e-03 0.48 6e-02 protein 1B,chlorophyll binding e-110 Hordeum vulgare 
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Table 4. (continued)        
ID 
 
1 d vs. control  7 d vs. control  Full Description e value Organism 
 FC q-value        FC q-value 
   
HC111D12_T3_s_at 0.24 2e-02 0.37 4e-02 origin recognition complex subunit 4 1e-10 Zea mays 
Contig14138_at 0.24 3e-02 0.68 0.39 NS GPI inositol-deacylase PGAP1-like protein 3e-171 Oryza sativa 
eBro08_SQ012_A17 0.25 1e-02 1.78 0.16 NS bTrappin-2 4e-09 Bos taurus 
Contig5790_s_at 0.29 4e-02 0.21 1e-02 RNA-binding protein 1e-95 Oryza sativa 
Contig6285_at 0.29 5e-03 0.23 2e-03  hypothetical protein; protein id: At2g43780.1 9e-14 
Arabidopsis 
thaliana 
Contig11361_at 0.34 1e-01 0.25 6e-02 peroxidase 2e-73 Oryza sativa 
Contig15974_at 0.36 1e-01 0.25 5e-02  ELF7 (early flowering 7) 4e-65 Arabidopsis thaliana 
rbags16k21_s_at 0.38 7e-02 0.22 1e-02 mitochondrial phosphate translocator 2e-07 
Arabidopsis 
thaliana 
Contig25420_at 0.40 1e-01 0.21 1e-02 immediate-early fungal elicitor protein CMPG1 3e-38 
Petroselinum 
crispum 
Contig11545_at 0.45 0.21 NS 0.20 3e-02 unknown protein, contains EST AU092422(C50524) 1e-45 Oryza sativa 
Contig14542_at 0.53 1e-01 0.21 2e-03 alpha-amylase e-120 Oryza sativa 
Contig594_x_at 0.56 0.21 NS 0.16 3e-03 ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit  5e-97 Oryza sativa 
rbaal9k07_at 0.57 0.33 NS 0.24 4e-02 myosin heavy chain 1e-58 Oryza sativa 
HT12H02r_at 0.61 0.22 NS 0.04 3e-04 hordein B precursor 8e-18 Hordeum vulgare 
Contig4486_at 0.63 0.22 NS 0.15 6e-04 zinc finger (C2H2 type) family protein  1e-30 
Arabidopsis 
thaliana 
Contig24207_at 0.65 0.16 NS 0.16 1e-04 branched-chain amino acid 
aminotransferase-like protein 9e-57 
Arabidopsis 
thaliana 
Contig592_at 0.68 0.38 NS 0.23 1e-02 Aminomethyltransferase, 
mitochondrial precursor e-114 
Arabidopsis 
thaliana 
Contig558_s_at 0.72 0.17 NS 0.24 2e-04  <none>    
HT10J17u_at 0.72 0.18 NS 0.24 4e-02  <none>    
Contig13409_at 0.76 0.47 NS 0.23 2e-02 expressed protein; protein id: At1g16080.1 7e-35 
Arabidopsis 
thaliana 
Contig22053_at 0.78 0.52 NS 0.24 3e-02 RAB6, member RAS oncogene family 3e-77 Mus musculus 
Contig10206_s_at 0.79 0.45 NS 0.20 3e-03  <none>    
Contig8196_s_at 0.82 0.50 NS 0.24 1e-02 putative ribosomal RNA apurinic 
site specific lyase 2e-29 Oryza sativa 
HV03P03u_at 0.88 0.52 NS 0.22 3e-03  <none>    
HV_Cea0002D23r2 0.93 0.54 NS 0.23 2e-02 barley cDNA clone: FLbaf146f04 0e+00 Hordeum vulgare 
HV_Cea0001D21r2 1.02 0.67 NS 0.16 3e-02  <none>    
HVSMen0020I19r2 1.02 0.67 NS 0.07 9e-05 hypothetical protein OsI_09479 1e-05 Oryza sativa 
HVSMel0013H12r2 1.02 0.68 NS 0.23 5e-02 NAD-dependent formate dehydrogenase 4e-10 
Mycosphaerella 
graminicola 
Contig9900_at 1.27 0.35 NS 0.24 2e-03 F-box protein family 3e-48 Arabidopsis 
thaliana 
FC, fold changes; NS, not significant; q-value is used to control false discovery rate (FDR). 
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 Table 5.  Quantitative reverse-transcriptase PCR verification of the expression of cold-
responsive genes 
Gene Name (Abbreviation)              Ct values ∆ Ct  Relative 
abundance 
  
0 d SD  1 d SD 7 d  SD 1d-0d 7d-0d 1d/0d  7d/0 d 
Glyceraldehyde-3-phosphate 
dehydrogenase (LpGAPDH; ref.) 
20.36 0.28 20.36 0.18 20.19 0.36 0.00 -0.17 1.00 1.12 
Ice recrystallisation inhibition 
protein b (IRI-b) 
29.42 0.52 20.47 0.58 20.35 0.43 -8.95 -9.07 427 461 
Ice recrystallisation inhibition 
protein a (IRI-a) 
32.50 0.27 21.27 0.29 20.69 0.44 -11.23 -11.82 1989 2960 
Aldehyde dehydrogenase (Dha1) 25.50 0.46 23.15 0.51 22.68 0.30 -2.35 -2.82 4.9 6.7 
Early-responsive to dehydration 
(Dehyd) 
26.46 0.41 23.12 0.25 24.35 0.33 -3.34 -2.11 9.6 4.2 
Heat shock protein 70 (Hsp70) 23.17 0.34 22.20 0.21 22.65 0.41 -0.97 -0.51 1.9 1.4 
Late embryogenesis abundant 
protein , Group 3 (LEA) 
19.28 0.49 14.88 0.44 17.42 0.36 -4.40 -1.85 19.6 3.5 
Annexin P33 28.89 0.32 28.04 0.16 27.51 0.50 -0.85 -1.38 1.8 2.5 
Cytochrome c (Cyt C) 27.93 0.35 26.41 0.31 26.73 0.38 -1.52 -1.20 2.8 2.3 
Chlorophyll binding protein 1B 
(Chloro a/b) 
26.28 0.39 28.44 0.40 25.53 0.61 2.16 -0.75 0.23 1.66 
Ribulose bisphosphate carboxylase 
PW9 (RuBisCO PW9) 
13.35 0.40 14.31 0.29 16.36 0.41 0.96 3.01 0.52 0.13 
Photosystem I antenna protein 
LHCI-680 (LHCI-680) 
20.49 0.54 23.00 0.55 22.79 0.54 2.51 2.30 0.18 0.21 
Strictosidine synthase related 
protein (STR) 
23.16 0.29 24.94 0.06 24.59 0.10 1.77 1.42 0.30 0.38 
Tonoplast intrinsic protein 
gamma subunit (TIP) 
29.07 0.20 34.14 0.39 39.55 0.42 5.07 10.48 0.03 8E-4 
Mitochondrial phosphate 
translocator 1 (MPT1) 
24.83 0.17 25.89 0.03 25.85 0.27 1.07 0.53 0.49 0.70 
 
A serial dilution of cDNA derived from 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64 and 128 ng of total 
RNA from the reference gene  LpGADPH was used to generate a standard curve by plotting 
the threshold cycle (Ct) values against log (ng of RNA) values to test the efficiency (E) and 
correlation coefficient (R2).  The relative abundance of the mRNA (ratio) was calculated as 
Ratio = (1+ E)-∆Ct (Pfaffl 2001), where ∆Ct = CtCA-CtNA (in our study E= 96.7%, R2= 0.998).  
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Table 6  Gene Ontology subcategories that were differentially regulated by 1 d or 7 d of cold 
acclimation  
 
GO category  Number 
of genes  
Regulated by 1 d 
CA (%) 
 Regulated by 7 d 
CA (%) 
 
Up Down Sum Up Down Sum 
Bi
o
lo
gi
ca
l p
ro
ce
ss
 
cell communication 57  10.5 *   7.0  17.5 *     
response to extracellular 
stimulus 75 
 
 9.3 * 6.7  16.0 *     
generation of precursor 
metabolites and energy 74    8.1  6.8  14.9 *     
photosynthesis 78    0.0 29.5 * 29.5 *  2.6 15.4 * 18.0 * 
translation 538      12.3 * 2.0 14.3* 
cellular component 
organization and biogenesis 617 
 
    9.6 * 1.8  11.0 
Total number of genes mapped 17,864  4.6 3.9 8.4  6.0 3.8 9.8 
C
el
lu
la
r 
C
o
m
po
n
en
t intracellular 432  10.4 * 14.8 * 25.2 *  16.0 * 13.0 * 29.0 * 
plastid 1092  4.6 9.2 * 13.7 *  5.5 8.6 * 14.1 * 
thylakoid 637  3.3 8.8 * 12.1     
ribosome 61      16.4 * 1.3  17.7  
Total number of genes mapped 11,461  5.4 5.7 11.1  6.7 4.4  11.1 
 
M
o
le
cu
la
r 
fu
n
ct
io
n
 
RNA binding 320  6.9 *   4.4 11.3 *  10.3 * 3.1 13.4 * 
binding 1003  6.1 *  4.7 * 10.8 *     
oxygen binding 115  3.5  7.0 * 10.4 *     
structural molecule activity 447      14.3 * 1.8 16.1 * 
Total number of genes mapped 13,752  4.3 3.4 7.8  6.1 3.6 9.7 
 
Note: Fisher’s Exact Tests were performed to evaluate if each investigated gene subcategory 
is enriched among the differentially regulated genes (P ≤ 0.05) than the primary category 
average.  A cell with a “*” indicates the subcategory is enriched among the differentially 
regulated genes (P ≤ 0.05).  A blank cell indicates no enrichment among the differentially 
regulated genes for the subcategory.  
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Figure legends 
 
 
Fig. 1  Gene Ontology (GO) subcategories with distinct temporal preference for  regulation 
of gene expression 
a: GO subcategories clustered for up-regulated genes;  b: GO subcategories clustered for 
down-regulated genes.   
 
Fig. 1S  Clustering of differentially expressed genes based on expression patterns. 
Differentially expressed genes (q ≤ 0.1) derived from  the three-step normalization method of 
‘IdealMM + scaling + tukey.biweight’ were clustered based on the temporal expression 
pattern across the 0 h, 1 d and 7 d of cold acclimation by using Microsoft Excel. Dashed lines 
are expression baselines. 
a, Combined gene groups that are up-regulated;  b, Combined gene groups that are down-
regulated  
The order of the expression level of A: 0 h < 1 d ≤ 7 d (162 genes);  B: 0 h ≤ 7 d < 1 d(180 
genes);  C: 7 d < 0 h < 1 d ( 4 genes);  D: 0 h ≈ 1 d < 7  d (387 genes);  E: 0h > 1 d ≥ 7 d (87 
genes);  F: 0 h ≥ 7 d > 1 d (109 genes); G: 1 d < 0 h < 7 d (14 genes);  H: 0 h ≈ 1 d > 7 d ( 
295 genes). 
 
Fig. 2S  Grouping of the barley dehydrin genes in a cladogram constructed by ClustalW2 
server (http://www.ebi.ac.uk/Tools/clustalw2/) with neighbor-joining method using protein 
sequences.  **: up-regulated at both 1 d and 7 d with q < 0.1;  *:  Up-regulated at both 1 d 
and 7 d with q < 0.3.   
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Abstract 
Ice Recrystallization Inhibition (IRI) proteins play an important role in freezing tolerance of 
many plants growing in temperate zones.  Two genes encoding IRI proteins, LpIRI-a and 
LpIRI-b, were identified in the cold-tolerant perennial ryegrass cv. Caddyshack.  Amino acid 
alignments among the IRI proteins revealed that many conserved repetitive IRI-domain 
motifs (NxVxxG/NxVxG) are observed in both LpIRI-a and LpIRI-b proteins.  Quantitative 
reverse transcriptase PCR (qRT-PCR) analysis revealed that LpIRI-a was up-regulated 
approximately 40-fold while LpIRI-b was up-regulated 7-fold after 1 h of cold acclimation, 
and the by 7 d of cold acclimation the transcripts had accumulated to levels of one-thousand-
fold for LpIRI-b and eight-thousand-fold for LpIRI-a.  Overexpression of either the LpIRI-a 
or LpIRI-b gene increased freezing-survival rates and decreased freezing-induced ion leakage 
in the transgenic Arabidopsis plants.  Under nonacclimated conditions, the transgenic plants 
exhibited an inconsistent response to freezing-induced ion leakage.  After cold acclimation, 
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however, the transgenic plants displayed a steady effect on the decrease of freezing-induced 
ion leakage.  The induced expression of the LpIRI-a and LpIRI-b proteins in E. coli enhance 
the freezing tolerance in the host of E. coli cells.  
   
Introduction 
Ice recrystallization inhibition (IRI) proteins, also known as antifreeze proteins (AFPs) are a 
family of proteins capable of protecting organisms from damages caused by freezing 
temperatures.  AFPs play important roles in tolerance to freezing temperatures in many plants 
growing in temperate zones, especially in cereal crops and grasses (Thomashow, 1999).  
AFPs or genes encoding AFPs have been identified in plants such as winter rye (Secale 
cereale, Yu and Griffith, 1999), carrot (Daucus carota; Meyer et al.,1999), perennial 
ryegrass (Lolium perenne, Sidebottom et al., 2000), and wheat (Triticum aestivum, Tremblay 
et al., 2005).  Plant AFPs are secreted into the extracellular space and are active primarily in 
this region (Atici and Nalbantoglu, 2003).  One function of plant AFPs is to bind to small ice 
crystals or other ice nucleators to inhibit ice recrystallization, whereby the process larger ice 
crystals are formed from smaller crystals.  Recrystallization increases the possibility of 
physical damage to the membrane (Griffith et al., 1997; Jia and Davies, 2002; Atici and 
Nalbantoglu, 2003).  Most plant AFPs are rich in valine (V) , glycine (G), the amino acids 
containing carboxlylates/carboxamides side chain, such as aspartic acid (D), asparagine (N), 
glutamic acid (E), glutamine (Q), or the amino acids containing aliphatic hydroxyl group, 
such as serine (S), threonine (T).  AFPs contain conserved repetitive IRI-domain motifs 
NxVxxG/NxVxG that are postulated to function in the process that inhibits ice 
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recrystallization (Sidebottom et al., 2000; Moffatt et al., 2006; Sandve et al., 2008).  Plant 
AFPs often have an amino-terminal leucine-rich repeat (LRR) domain (Sandve et al., 2008), 
similar to the domain present in many proteins involved in resistance against fungal diseases.  
For example, Chitinase-like AFPs from rye also play roles in fungal disease resistance 
(Griffith et al., 1992; Moffatt et al., 2006).  AFPs may also function in plant abiotic 
resistance other than freezing tolerance.  Antifreeze proteins from polar fish (Devries, 1983) 
and arctic insects (Duman and Horwath, 1983) enabled these organisms to adapt to increased 
osmotic pressure.  A chemically synthesized DNA fragment encoding an artificial antifreeze 
protein improved NaCl tolerance when expressed in E. coli (Holmberg et al., 1994).   
  Plant AFP genes are induced within 1 d of exposure to nonfreezing cold temperatures 
and this induction can be maintained after weeks of cold acclimation (Tremblay et al., 2005).  
The accumulation of AFPs and the gene transcripts was associated with increased freezing 
tolerance (Meyer et al., 1999; Tremblay et al., 2005).  Despite this information, results from 
transgenic analysis of several AFP genes have been inconsistent.  Overexpression of a gene 
encoding a fish type-II antifreeze protein in tobacco, an insect antifreeze protein gene in 
Arabidopsis had no effect on decreasing the LT50 of transgenic plants that were cooled in the 
presence of an ice nucleator (Griffith and Yaish, 2004).  Overexpression of a carrot AFP 
gene in tobacco, a synthetic AFP gene in wheat, and a winter rye chitinase-like AFP gene in 
Arabidopsis, however, enhanced supercooling, reduced ion leakage, or increased the survival 
rate of transgenic plants that were subjected to freezing temperatures (Fan et al., 2002; 
Khanna and Daggard, 2006; Moffatt et al., 2006).  In vitro ice recrystallization activity of the 
LpIRI protein has been observed by visualizing the ice recrystallization process of a solution 
containing the protein (Sidebottom et al 2000; Kuiper et al., 2001; Pudney et al., 2003).  
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Several types of AFPs have an effect on increasing survival rates of blood cells during 
cryopreservation (Carpenter and Hansen, 1992; Chao et al., 1996).  In vitro freezing tests 
showed that the survival rate of E. coli cells can be increased by adding as little as 0.2 mg/ml 
of carrot AFP to the solution (Zhang et al. 2004).  AFPs of winter rye had no effect on the 
survival of nonacclimated winter rye suspension cells after freezing and thawing, but 
functioned in lowering ion leakage (Pihakaski-Manusbach et al., 2003).   
In the current study, two genes encoding IRI proteins designated LpIRI-a and LpIRI-b 
from perennial ryegrass cv. Caddyshack were identified and characterized.  The amino-acid 
sequence predicted from the full length cDNA of the LpIRI-a gene exhibited a 99% identity 
to an incomplete sequence of a LpIRI protein (Sidebottom et al., 2000).  The amino-acid 
sequence predicted from the LpIRI-b gene exhibited a 80% sequence identity to the partial 
LpIRI protein.  The transcript accumulation profiles of both LpIRI genes under cold 
acclimation and other abiotic stresses were investigated in this study.  With the aim of 
understanding their function, both genes were evaluated through genetic transformation in 
Arabidopsis.  Survival rates of the transgenic plants were investigated after exposure to 
freezing temperatures.  To verify that the LpIRI-a and LpIRI-b genes function in the 
protection of plants from freezing injury, freezing-induced ion leakage of the transgenic 
plants was tested under nonacclimated and cold-acclimated conditions.  To further 
characterize the protein activity, LpIRI-a and -b genes were transformed into E. coli for 
induced protein expression and function analysis.  
 
Materials and Methods 
79 
 
 
Computational identification of LpIRI-a and LpIRI-b genes from perennial ryegrass 
EST sequences encoding two ice recrystallization inhibition (IRI) proteins were identified 
from a cDNA library constructed from cold-acclimated perennial ryegrass cv. Caddyshack 
plants in our lab (Zhang et al., 2009).  The corresponding clones were then further sequenced 
from both the 5’ and 3’ ends to obtain full-length cDNA sequences.  Protein sequences were 
then determined by using NCBI-ORF (open reading frame) finder 
(http//:www.ncbi.nlm.nih.gov/gorg/gorf.html).  Sequences for other IRI genes and IRI 
proteins (LpIRI, AJ277399; LpIRI1, EU680848; LpIRI2, EU680849; LpIRI3, EU680850; 
LpIRI4, EU680851; TaIRI-1, AY968588; TaIRI-2, AY968589) were retrieved from NCBI nr 
protein database.  Multiple sequence alignments were performed by ClustalW2 server 
(http://www.ebi.ac.uk/Tools/clustalw2/) by using default parameters.  The alignments were 
visualized by using the BOXSHADE 3.21 server at 
(http://www.ch.embnet.org/software/BOX_form.html).  
  
Perennial ryegrass growth conditions, stress treatments, RNA isolation, and 
quantitative reverse transcriptase PCR analysis 
A cold-tolerant perennial ryegrass (Lolium perenne L.) cv. ‘Caddyshack’ was used for 
analysis of mRNA level.  Plants were propagated from a single tiller in pots containing Sun 
Gro Hort soil mix (Bellevue, WA) in a greenhouse.  Four-week-old plants were placed into 
growth chambers at 23 °C and 16/8 h (day/night) with an irradiance of 150 ± 30 µmol m-2 s-1 
for two weeks for conditioning.  Various stress treatments were applied to the plants.  For 
low-temperature treatments, the conditioned plants were placed into growth chambers at 4 °C 
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and 8/16 h (day/night) with an irradiance of 150 ± 30 µmol m-2 s-1.  Leaf tissues were 
collected at 0 h (nonacclimated, NA), 1 h, 4 h, 12 h, 1 d and 7 d of cold-acclimated (CA) 
plants.  For ABA treatment, the conditioned plants were sprayed with a 100 µM ABA 
solution plus 0.05% (v/v) Tween 20.  Leaves were collected at 1 d and 4 d after the 
treatment.  For salinity treatment, plants were irrigated with 200 ml of 200 mM NaCl 
solution every day.  Leaves were collected at 1 and 7 d after the treatment started.  For 
drought treatment, plants were withheld from water and leaves were harvested at 4 and 9 d 
after the treatment started.  Four biological replications were applied for cold treatments and 
three biological replications were applied for all other stress treatments.  All the leaf tissues 
were frozen immediately in liquid nitrogen and stored at -80°C.  Total RNA was isolated by 
using RNeasy Plant Mini Kit (QIAGEN, Valencia, CA) and quantified by GeneQuant Pro 
spectrophotometer (Amersham Biosciences, Buckinghamshire, England).   
A total of 20 µl of first-strand cDNA was synthesized from one micrograms of total 
RNA by using QuantiTech Reverse Transcription Kit (QIAGEN, Valencia, CA).  Gene-
specific primers for quantitative reverse transcriptase PCR (qRT-PCR) were designed by 
using Primer 3 (Rozen and Skaletsky, 2000).  The primer sequences were as follows: LpIRI-a 
forward primer, 5’ CTA GAG CAT AGC ACT TCT GA 3’; reverse primer, 5’ TGA AAG 
ATC CAA GTA GCG TA 3’;  LpIRI-b forward primer, 5’ CTG TCA TAT GTG GGA ACA 
AC 3’; reverse primer, 5’ ATT GTC CCT ACC AAG TGA TT 3’.  The native 
glyceraldehyde-3-phosphate dehydrogenase (LpGADPH) gene was used as the reference 
gene with a forward primer 5’ GAA GGT CAT CAT TTC TGC TC 3’ and reverse primer, 5’ 
CTA ACG GTC AGA TCA ACA AC 3’.  First strand cDNA derived from 25 ng of total 
RNA was used as the template for each reaction in quantitative PCR by using QuantiTect 
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SYBR Green PCR master mix (QIAGEN, Valencia, CA).  A thermal cycler profile of 95 °C 
for 15 min, 40 cycles of 94 °C for 15 s, 53 °C for 30 s and 72 °C for 50 s, followed by a 
melting curve analysis, was used in the Mx4000 instruments (Stratagene, La Jolla, CA).  The 
Ct values for each gene were then normalized by using the corresponding LpGADPH values 
at each point.  A serial dilution of cDNA derived from 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64 and 128 
ng of total RNA from the reference gene  LpGADPH was used to generate a standard curve 
by plotting the threshold cycle (Ct) values against log (ng of RNA) values to test the 
efficiency (E) and correlation coefficient (R2).  The relative abundance of the mRNA (ratio) 
was calculated as Ratio = (1+ E)-∆Ct (Pfaffl 2001), in which ∆Ct = CtCA-CtNA (in our studies 
E= 96.7%, R2= 0.998). 
 
Vector construction and gene transformation for overexpression in Arabidopsis and for 
protein induction in E. coli 
The open reading frame (ORF) of the LpIRI-a and LpIRI-b were amplified by using Platinum 
Pfx DNA polymerase (Invitrogen, Carlsbad, CA).  Primers were designed to fit for both 
overpression in plants and protein induction in E. coli by using Primer 3.  The primers used 
for amplification were as follows: LpIRI-a forward primer, 5’ CAC CAT GGC GAA ATG 
CTT GAT G 3’; reverse primer, 5’ CAT GCG CTG ACA GAT CAT TA 3’;  LpIRI-b 
forward primer, 5’ CAC CAT GGC GAA ATG TTG GCT 3’; reverse primer, 5’ AAT CAT 
TCA TCT CCT GTC ACG 3’.  The PCR product for each gene was cloned by using 
pENTR/D directional TOPO cloning kits (Invitrogen, Carlsbad, CA).   
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The ORFs of LpIRI-a and LpIRI-b carried by pENTR/D vector were then introduced 
into the plant overexpression vector pMDC32 by using Gateway® LR Clonase™ II enzyme 
mix (Invitrogen, Carlsbad, CA, USA) as described by manufacture’s protocol.  The 
overexpression vectors and the original pMDC32 vector were transformed into 
Agrobacterium tumefaciens strain GV3101 individually by using the heat-shock method.  
Six-week-old Arabidopsis ecotype Columbia plants were transformed by the Agrobacterium 
carrying either the overexpression or original vector by using the floral dip method (Clough 
and Bent, 1998).  The seeds harvested from the transgenic plants were surface-sterilized and 
screened on 0.8 % solid MS medium containing 50 µg/ml hygromycin for 12 days.  Resistant 
T1 plants were transferred into soil and tested for presence of each target gene by using PCR.  
The positive T1 plants were self-pollinated to produce T2 seeds.  The T2 seed were screened 
by hygromycin again to eliminate the homozygous recessive plants before any further test.  
Ten T2 plants from each family were tested for the expression of the target genes in the T2 
family by using reverse transcriptase PCR (RT-PCR).   
The ORFs of LpIRI-a and LpIRI-b carried by the pENTR/D vector were introduced 
into the bacterial expression vector pDEST17 for protein induction in E. coli by using 
Gateway® LR Clonase™ II enzyme mix (Invitrogen, Carlsbad, CA, USA) as described by 
the manufacturer’s protocol.  By using pDEST17 vector, a 6×His tag is added to the amino-
terminal of the protein product to facilitate protein purification.  The construct was then 
transformed into E. coli strain BL21(DE3) CodonPlus by using heat-shock method.  An 
expression vector pQE-40 carrying His-tagged mouse dihydrofolate reductase (DHFR) gene 
(provided by Ni-NTA Spin Kits; QIAGEN, Valencia, CA) was also transformed into BL21 
(DE3) CodonPlus as a control.  Selected transgenic E. coli cells were validated by PCR.   
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Freezing-survival test and ion leakage measurement of the transgenic Arabidopsis 
Six positive T1-derived T2 families for each LpIRI-a and LpIRI-b gene, two T2 families for 
the empty pMDC32 vector (EV), and wild type (WT) plants were screened by freezing-
survival tests at four-week-old growth stage under nonacclimated condition.  Thirty-six 
seedlings from each T2 family were subjected to the freezing temperatures of -2, -4, -6, or -8 
°C in a programmed freezer for 70 min with a 25 min ramping time before reached the 
desired temperatures.  Seedlings were sprayed with water to initiate ice nucleation before 
putting into the programmed freezer. 
Seedlings from the cold-tolerant T2 families of LpIRI-a-7, LpIRI-a-9, LpIRI-b-4, and 
LpIRI-b-8 were used for survival tests under cold-acclimated condition.  Cold acclimation 
was done by placing four-week-old plants into growth chambers at 4 °C and 8/16 h 
(day/night) with an irradiance of 150 ± 30 µmol m-2 s-1 for 7 d.  Seedlings were sprayed with 
water to initiate ice nucleation and then were put into the programmed freezer to subject to 
the freezing temperatures of -10, -12, or -14 °C.  Six pots growing 54 plants for each T2 
family, plants carrying empty pMDC32 vector (EV), and wild type (Col-0) were used at each 
testing temperature.  The pots were randomly placed into the freezer to eliminate the 
variations caused by location differences.  Plants were treated with a desired temperature for 
70 min with a 25 min ramping time before reached the desired temperature.  The plants were 
then transferred into 4 °C growth chambers for overnight thaw.  Thereafter, the plants were 
recovered in 22 °C growth chambers for 7 days before the survival rates were calculated.   
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Ion-leakage measurement was performed by using a modification of the method 
described by Jaglo-Ottosen et al. (1998).  The seedlings from the selected T2 families LpIRI-
a-7, LpIRI-a-9, LpIRI-b-4, and LpIRI-b-8, together with wild type plants (Col-0) and plants 
carrying empty pMDC32 vector (EV) were used for the ion leakage test.  The growth 
conditions and developmental stages for non-acclimated and cold-acclimated plants were the 
same as that in the freezing-survival rate test.  The above-ground parts of each plant were 
removed and placed in a test tube containing 100 µl of deionized water which was 
submerged in a -1.0 ºC bath containing 50% ethylene glycol.  A complete randomized design 
with four replications was applied.  After 1 h of holding at -1.0 ºC, an ice chip was added into 
each tube to initiate ice nucleation.  After an additional hour of incubation at -1 ºC, the 
temperature was lowered at the rate of 0.5 ºC per 30 min until -6 ºC, and then 1 ºC per hour 
between -6 and -10 ºC.  The samples were taken out at -3, -4, -5 and -6 ºC for nonacclimated 
plants and -5, -6, -7, -8, -9 and -10 ºC for cold-acclimated plants.  The samples were thawed 
on ice overnight, and then 10 ml of distilled deionized water was added into each tube 
followed by a 3 min of infiltration at 0.1 atmosphere (10 kPa) for three times by using a 
vacuum pump. The tubes were then shaken horizontally for 1 h at 220 rpm.  Initial electronic 
conductivity was measured for each sample with a conductivity meter (YSI model 3403).  
Total conductivity for each sample was determined after autoclaving the samples at 121 ºC 
for 20 min.  The electrolyte leakage was expressed as the percentage of the initial 
conductivity divided by the total conductivity and was used to evaluate the freezing tolerance 
for each testing temperature.  
 
Induction of LpIRI-a and LpIRI-b protein from E. coli and function analysis   
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Transgenic E. coli BL21 (DE3) CodonPlus cells were cultured in liquid LB medium at 37 °C 
with 50 µg/ mL of carbenicillin and 30 µg /mL of chloramphenicol until an OD600 nm of ~ 0.6 
was reached.  Protein expression was induced by adding IPTG to a final concentration of 0.5 
mM and then culturing at 30 °C for 5-6 h.  SDS-PAGE analysis of cell lyses was performed 
to verify the expression of the target proteins.  BL21 (DE3) CodonPlus cells carrying the 
pQE-40 with mouse dihydrofolate reductase (DHFR; QIAGEN, Valencia, CA) gene were 
used as a reference to monitor protein expression.  
 To test the in vivo function of the LpIRI-a and the LpIRI-b protein, survival rates of 
the transgenic E. coli cells were assessed before and after protein induction and the freezing 
treatments.  A tube containing 0.5 mL of induced or noninduced culture (control) was frozen 
at -20 °C for 2 hours and then was frozen again at -80 °C for 24 h.  The cultures were thawed 
on ice and diluted to 10-6 of the original concentration, and then 150 µL of diluted culture 
was plated out in LB solid plates.  The number of surviving colonies was counted after an 
incubation of 15 h at 37 °C.  An equal amount of culture without freezing treatments was 
plated out in LB solid plate to obtain the total number of colonies in the original culture.  E. 
coli survival rates were calculated by dividing the number of surviving colonies following 
freezing treatments by the total number of colonies in the original culture.   
 
Results 
Characterization of IRI genes of perennial ryegrass 
The cDNA of two ice recrystallization inhibition (IRI) genes LpIRI-a and LpIRI-b were 
identified from a cDNA library constructed from RNA extracted from leaf blades of the cold-
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acclimated perennial ryegrass cv. Caddyshack.  The full-length cDNA for LpIRI-a is 1016 
bp, encoding a protein with 256 amino acids (aa).  The full-length cDNA for LpIRI-b is 1233 
bp, encoding a protein with 277 aa.  Both LpIRI-a and LpIRI-b exhibit a high level of amino-
acid sequence match to known IRI proteins from Lolium perenne (Lp) and Triticum aestivum 
(Ta, Fig.1).  The carboxy-terminal of the LpIRI-a protein (aa 139 to 256) showed a 
99%sequence identity to the LpIRI protein (aa 1 to 118) with only a substitution of an 
aspartic acid (D) by an asparagine (N) at aa 33 (Sidebottom et al., 2000).  LpIRI-a exhibited a 
98% sequence identity to the LpIRI3 protein (Sandve et al., 2008).  LpIRI-b showed the 
highest identity (80%) to the LpIRI protein among all published IRI proteins and a 73% 
identity to the LpIRI-a sequence.  Both LpIRI-a and LpIRI-b are rich in Asparagine (N), 
glycine (G), Serine (S) and Valine (V).  These four amino acids account for 46.1 % and 43.7 
% of the protein components, respectively.  Amino-acid alignments among the IRI proteins 
revealed that many conserved repetitive IRI-domain motifs (NxVxxG/NxVxG) are present in 
both LpIRI-a and LpIRI-b proteins (Fig. 1; black bar underlines).  The IRI-domain motifs 
NxVxxG and NxVxG were alternatively aligned each other with intervals of one or two aa in 
between (Fig. 1; black bar underlines).  Similar to many other plant IRI proteins, LRR 
(Leucine-rich repeat) domains were observed at the amino-terminal of both LpIRI-a and 
LpIRI-b proteins (data not shown). 
 
LpIRI-a and LpIRI-b genes were rapidly induced to high levels during cold acclimation 
Results of qRT-PCR revealed that both LpIRI-a and LpIRI-b genes had very low RNA levels 
under nonacclimated conditions.  The threshold cycle (Ct) for qRT-PCR, representing basal 
levels for each transcript, was 31.2 for LpIRI-b and 34.0 for LpIRI-a under nonacclimated 
87 
 
 
conditions, whereas the Ct for the reference gene LpGADPH was 19.4.  LpIRI-a and LpIRI-b 
RNA accumulation was rapidly induced to very high levels after 1 h of cold acclimation, 
approximately forty-fold and seven-fold, respectively, compared to in nonacclimated plants 
(Fig. 2).  The transcript levels continued to increase up to 7 d of cold acclimation (Fig. 2).  
After 7 d of cold acclimation, the transcript levels had increased approximately 8,000-fold 
for LpIRI-a, and 1,000-fold for LpIRI-b (Fig 2).  Analysis of transcript abundances for LpIRI-
a and LpIRI-b indicated that neither gene was affected by ABA, NaCl, or drought treatments 
(Fig. S1).   
 
Transgenic Arabidopsis plants showed improved survival rates and reduced ion 
leakage after freezing 
RT-PCR results verified that the target genes were expressed in more than 95% of 
hygromycin-screened T2 transgenic plants.  Seedlings from six T2 families with medium to 
high transcripts levels for LpIRI-a and LpIRI-b gene were screened by freezing-survival tests 
under nonacclimated conditions.  No phenotypic differences between the transgenic and the 
wild type plants can be visually detected before subjecting to freezing temperatures.  Among 
the tested T2 families, two LpIRI-a transgenic families (LpIRI-a-7 and LpIRI-a-9) and two 
LpIRI-b transgenic families (LpIRI-b-4 and LpIRI-b-8) exhibited improved survival rates 
after being subjected to -4, -6, and -8 ºC for 70 min, compared to controls (Fig. 3A).  
Seedlings from other T2 families exhibited no improvement in survival rates in response to 
freezing under nonacclimated conditions.  
88 
 
 
The T2 families of LpIRI-a-7, LpIRI-a-9, LpIRI-b-4, and LpIRI-b-8, were selected for 
further freezing-survival tests after cold acclimation.  After cold acclimation, seedlings from 
all T2 families and controls showed improved survival rates after being subjected to -10, -12, 
and -14 ºC for 70 min when compared to nonacclimated plants (Fig. 3A and 3B).  Seedlings 
from all the tested T2 families showed enhanced survival rates relative to the control plants 
after cold acclimation (Fig. 3B).  Phenotypic differences between transgenic Arabidopsis and 
wild type plants were observed after freezing and recovering.  Transgenic IRI lines exhibited 
enhanced vigor and overall health relative to control lines after freezing and recovery.  
Examples of nonacclimated transgenic Arabidopsis seedlings and controls after freezing at -4 
°C and recovery were shown (Fig. 4). 
Because IRI proteins pretatively protect cells from freezing damage and act to 
enhance cell integrity in response to cold stress (Griffith et al., 1997; Atici and Nalbantoglu, 
2003), an assay to monitor ion leakage is a useful measure of the activity of AFPs and their 
capacity to minimize cell damage.  Seedlings from the T2 families LpIRI-a-7, LpIRI-a-9, 
LpIRI-b-4, and LpIRI-b-8 were used for measuring freezing-induced ion leakage under 
nonacclimated and cold-acclimated condition.  Under nonacclimated conditions, the 
transgenic LpIRI seedlings exhibited very little reduction in ion leakage (Fig. 5A).  Only 
seedlings from nonacclimated LpIRI-a-7 family exhibited a reduction in ion leakage after 
freezing conditions of -4 and -5 °C, whereas seedlings from nonacclimated LpIRI-b-4 family 
showed reduced leakage only after -4 °C conditions (Fig. 5A arrows).  After cold 
acclimation, however, more consistent reductions in ion leakage were observed.  Seedlings of 
LpIRI-b-8 exhibited ion reduction from the -6 to -10 °C cold treatments (Fig. 5B).  In all 
treatments, the average reduction differential between control lines and LpIRI-b-8 was 8% 
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(45/37%, control/b-8) and this differential steadily increased as the testing temperature 
decreased (5% at -5 °C compared to 12% at -10 °C).  Following the -8 °C treatment all four 
transgenic families tested exhibited a reduction in ion leakage relative to controls and three 
out of the four exhibited leakage reduction at the -9 and -10 °C treatments (Fig. 5B).  The 
greatest differential between treatment and control in reduction in ion leakage was observed 
for the transgenic lines following the -8 °C treatment.  The average difference at this 
treatment was approx 13 % (53/40%, control/transgenic plants).    
 
The effect of LpIRI protein accumulation on E. coli freezing tolerance  
To assess the effect of the LpIRI proteins on freezing-survival of single cells, an assay using 
E. coli was utilized.  An analysis of cell lyses by using SDS-PAGE confirmed that the target 
proteins were expressed in the induced host cells (Fig. 6A).  The predicted molecular weight 
of His-tagged protein is 29.1 KD for LpIRI-a and 31.5 KD for LpIRI-b.  A freezing-survival 
test showed that after freezing at -20 ºC for 2 h, followed by -80 ºC for 24 h, survival rate for 
noninduced BL21(DE3) CodonPlus cells carrying the LpIRI-a or LpIRI-b genes is 
approximately 50% (Fig. 6B).  Survival rates for the IPTG-induced transformed lines 
increased ~12 % for LpIRI-a and~14% for LpIRI-b relative to the noninduced transgenic cells 
(Fig. 6B).  No significant increase in the survival rate of the cells carrying mouse 
dihydrofolate reductase (DHFR) gene was observed (Fig. 6B).   
 
Discussion 
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Sequence analysis of LpIRI-a and LpIRI-b verify their identify as IRI proteins.  LpIRI-a was 
predicted from a full-length cDNA and contained both 5´ and 3´ untranslated regions. The 
LpIRI-b cDNA appears to be a novel gene and exhibits the highest identity (80%) to the 
partial LpIRI (Sidebottom et al., 2000) among all published IRI proteins.  Similar to other 
plant IRI proteins, both LpIRI-a and LpIRI-b are rich in asparagine (N), glycine (G), serine 
and valine (V), and contain IRI-domain motifs NxVxxG/NxVxG (Sandve et al., 2008).  IRI-
domain motifs can bind to the ice surface through the formation of hydrogen bonds, and in 
this way, inhibit ice crystal growth (Sidebottom et al., 2000; Kuiper et al., 2001; Pudney et 
al., 2003).  There are two different motifs of HxVxxG/HxVxG (Fig. 1, open-bar underline) 
interspersed among the NxVxxG/NxVxG motifs (Fig.1, black-bar underline).  Because both 
histidine (H) and asparagine (N) are hydrophilic, it is likely that these two motifs perform a 
similar function in hydrogen bonding during ice crystal formation.  The uninterrupted 
distribution of the conserved IRI-domain motifs NxVxxG/NxVxG and HxVxxG/HxVxG at 
the carboxy-terminus of the IRI proteins (Fig. 1, black and open-bar underlines) very likely 
contributes to facilitating this crystal-binding function. 
             Both LpIRI-a and LpIRI-b genes were up-regulated to very high levels within 1 h of 
cold acclimation.  This accumulation continued through 7 d of acclimation. Previous results 
with RT-PCR indicated that the abundances of LpIRI-a and LpIRI-b transcripts in plants cold 
acclimated for 14 days were slightly higher or similar to those with 7 d cold acclimation 
(Zhang et al., 2009).  The expression patterns of LpIRI-a and -b are similar to those of the IRI 
genes in a winter wheat cv. Norstar, in which, the TaIRI-1 transcripts continued to 
accumulate through 36 d of cold acclimation. TaIRI-2 transcripts accumulated through 6 d of 
cold acclimation, but only very low levels could be detected after 36 d of cold acclimation 
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(Tremblay et al., 2005).  The rapid and abundant induction of LpIRI genes during cold 
acclimation observed in this study is a novel finding.  The low transcript levels in 
nonacclimated plants and the strong, rapid induction of transcripts for both LpIRI-a and 
LpIRI-b in plants that were cold acclimated (Fig. 2) suggests that transcription of these genes 
is very sensitive to non-freezing cold temperatures and that both genes likely play important 
roles in cold tolerance of plants.  These results are consistent with a previous study where the 
accumulation of LpIRI-a and LpIRI-b transcripts was correlated with cold acclimation and 
freezing tolerance (Zhang et al., 2009).  In our current study, neither of the IRI genes 
responded to ABA, salt, or drought stress, indicating that they likely do not contribute to 
tolerance to these abiotic factors.  Previous studies, however, indicated that other transgenic 
IRI genes contributed to enhancing tolerance to increased osmotic pressure and excess NaCl 
(Devries, 1983; Duman and Horwath, 1983; Holmberg et al. 1994).  
          Overall, the results utilizing transgenic models in this study support the role of LpIRI-a 
and LpIRI-b in enhancing tolerance to cold stress.  Under nonacclimated conditions, only a 
few of the selected T2 families exhibited lower freezing-induced ion leakage compared to 
control plants (Fig. 5A). After cold acclimation, however, transgenic seedlings from all the 
selected T2 families exhibited reduced ion leakage (Fig 5B).  Because the T2 families were 
screened under nonacclimated conditions, it is possible that other T2 families would have 
demonstrated enhanced tolerance under cold-acclimated conditions.  Previous studies on the 
transgenic expression of several AFPs showed they had no effect in enhancing freezing 
tolerance under nonacclimated conditions and using procedures similar to those in our study 
(Devries, 1983; Duman and Horwath, 1983; Griffith and Yaish 2004; Pihakaski-Manusbach 
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et al., 2003). These results indicate that under nonacclimated conditions, overexpression of 
AFPs affects an inconsistent level of protection from freezing injury.   
       Under cold-acclimated conditions, the degree of protection from cold stress was more 
consistent (Fig 3B).  These results suggest that expression of LpIRI-a and LpIRI-b can protect 
plants from freezing injury, but that the effectiveness of this protection is dependent on the 
cold conditions.  It is conceivable that proteins and/or other factors induced by cold 
acclimation interact with LpIRI-a and LpIRI-b to enhance their protective capacity and to 
facilitate cold-tolerance mechanisms.  Under nonacclimated conditions, only seedlings from 
four transgenic families exhibited improved freezing-survival rates, but there was no pattern 
of consistent reduction in ion leakage in these four families after exposure to freezing 
temperatures without acclimation.  These results suggest that whereas, IRI proteins protect 
plants by decreasing freeze damage and maintaining membrane structure, there may be other 
mechanisms at work.  Consistent with the stably transformed plant analyses, expression of 
both LpIRI proteins in E. coli cells increased survival rates after exposure to freezing 
temperatures.  These results indicate that endogenously expressed LpIRI proteins have the 
capacity to protect cells from freezing injury.  The results of this study are consistent with the 
role of IRI proteins in protecting plants against conditions of cold stress.  The efficacy of 
these protecting agents appears to be enhanced through a mechanism most strongly induced 
under cold-acclimated conditions. 
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Figure legends 
 
Fig. 1  Amino-acid sequence alignments of IRI proteins showing conserved regions.  
Sequences for IRI genes and IRI proteins (LpIRI, AJ277399; LpIRI1, EU680848; LpIRI2, 
EU680849; LpIRI3, EU680850; LpIRI4, EU680851; TaIRI-1, AY968588; TaIRI-2, 
AY968589; Lp: Lolium perenne; Ta: Triticum aestivum) were retrieved from the NCBI 
protein database.  Residues shaded in black are identical, and those shaded in gray are 
identical in > 90% of the sequences.  The black-bar underlines indicate the conserved IRI-
domain motif NxVxG/NxVxxG.  The openbar underlines indicate the IRI-domain motifs 
with a substitution of an asparagine (N) by a histidine (H) (HxVxG/HxVxxG).  The number 
of the last amino acid in each row is indicated on the right.  
 
Fig. 2  Quanitative RT-PCR analysis of relative abundances of transcripts for LpIRI-a and the 
LpIRI-b after cold acclimation in perennial ryegrass cv. Caddyshack.  The relative 
abundances were calculated by comparison of the transcript levels in RNA extracted from 
leaf blades at each treatment to the LpIRI-a transcript level under nonacclimated conditions.  
Error bars represent standard errors of the means calculated from four biological replications. 
Values for the Y-axis are in log scale.  
 
Fig. 3  Survival rates of control and transgenic Arabidopsis plants after freezing and 
recovering.  Seedlings from each family were treated in a programmed freezer for designated 
temperatures for 70 min with a 25 min ramping time.  The plants were then transferred to a 4 
°C growth chamber for overnight thaw.  The plants were then allowed to recover at 22 °C in 
growth chambers for 7 days.  A) One-month-old nonacclimated seedlings; thirty-six 
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seedlings were used per family per freezing temperature.  B) One-month-old seedlings were 
acclimated at 4 °C for eight days before treatment in the programmed freezer. Fifty-four 
seedlings were used per family per freezing temperature. Wild type (WT) plants were Col-0. 
EV-6, Col-0 plants transformed with an empty pMDC32 vector. 
 
Fig. 4  Phenotypic appearance of control and transgenic Arabidopsis plants after freezing at -
4 °C and recovering.  From left to right: wild type (Col-0); plants carrying empty pMDC32 
vector (EV-6); overexpression transgenic plants of LpIRI-b; overexpression transgenic plants 
of LpIRI-a.  One-month-old seedlings were treated at -4 °C in a programmed freezer for 70 
min with a 25 min ramping time.  The plants were then transferred into 4 °C growth 
chambers for overnight thaw. The plants were then allowed to recover at 22 °C in growth 
chambers for 7 days. This figure is representative of seedlings from all four of the selected 
LpIRI families.  
 
Fig. 5  Freezing-induced ion leakage of leaf tissue from control (wild type and wild type 
carrying the empty vector pMDC32) and transgenic Arabidopsis lines.  WT: wild type plants; 
EV: plants carrying empty vector.  Above ground tissues were detached and put into test 
tubes.  Then the tubes were put into ethylene glycol bath to freeze.  Samples were taken out 
at designated temperatures and ion leakage was measured.  The ion leakage values are means 
of four independent samples.  Error bars represents the standard deviations of the means. A) 
One-month-old nonacclimated plant samples treated from -1 to -6 °C. B) One-month-old 
plants were acclimated in growth chambers at 4 °C for eight days, and then the plants were 
subjected to freezing temperatures from -1 to -10 °C.   
 
99 
 
 
Fig. 6  Expression of LpIRI-a and LpIRI-b proteins in E. coli and freezing-survival test of 
transgenic E. coli cells. A) Expression of LpIRI-a and LpIRI-b proteins in E. coli strain BL21 
(DE3) Codon Plus.  The protein expression was induced by adding IPTG into E. coli cultures 
to a final concentration of 0.5 mM.  L, BenchMark™ pre-stained protein ladder; WT, wild 
type; IRI-a line, E. coli line carrying LpIRI-a gene; IRI-b line, E. coli line carrying LpIRI-b 
gene; IPTG-, no IPTG induction; IPTG +, with IPTG induction.  
B) Survival rates of IPTG-induced and noninduced BL21(DE3) CodonPlus cells carrying 
LpIRI-a or LpIRI-b gene after freezing and thaw.  The error bars represented the standard 
deviations of the means calculated from four replications.   No overlap in standard deviations 
indicates significant differences between treatments.  An expression vector pQE-40 carrying 
His-tagged mouse dihydrofolate reductase (DHFR) gene (provided by Ni-NTA Spin Kits; 
QIAGEN, Valencia, CA) was also transformed into BL21 (DE3) CodonPlus as a control. 
 
Fig. S1  Quantitative RT-PCR analysis of relative transcript abundances of LpIRI-a and 
LpIRI-b under various stress conditions.  The threshold cycle (Ct) values for LpIRI-a, LpIRI-
b, and LpGADPH under the various conditions are listed.  Error bars represent standard 
errors of the means calculated from three biological replications. 
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TaIRI-1     HSLGMVFTNMPLYVKRNRRTLDEQPNTISGSNNTVRSGSTNVVSGNDNTVISGNNNNVAG 206 
TaIRI-2     HSPGMAFTNMPLYEKRNRRILGQQPNVISGSRNTIRSGTNNVLSGNDNTVISGNDNVVTG 352 
LpIRI1      HLLGMTFTNMPLDVKHNRRTLAIQPNTISGTNNLVLSGRNNVVSGNDNTVISGNNNTVSG 206 
LpIRI       ---------------------DEQPNTISGSNNTVRSGSKNVLAGNDNTVISGDNNSVSG 039 
LpIRI3      --------NMPLHVMRNRRSLDEQPNTISGSNNTVRSGSKNVLAGNDNTVISGDNNSVSG 175 
LpIRI-a     --------NMPLHVMRNRRSLDEQPNTISGSNNTVRSGSKNVLAGNDNTVISGNNNSVSG 177 
LpIRI-b     RSLGMAFANMPLHVKGNRRTLDEQTNTIHGTNNTVRSGNDNAVSGNDNTVICGNNNTVSG 197 
 
 
TaIRI-1     SNNTVITGNDNTVTGSNHVVSGDKHIVTDNNNAVSG-TIMYPGASIPYPGATILYLGPTT 265 
TaIRI-2     SNN-VVSGSGNVVTERNHVVSGSDNVVSGRNN---------------------VVTGSNN 390 
LpIRI1      SFNTVVTGSDNILTGSNHVVSGRSHIVTDNNNSVSGDDNNVSGSFHKVSGSHNTVSGSNN 266 
LpIRI       SNNTVVSGNDNTVTGSNHVVSGTNHIVTDNNNNVSGNDNNVSGSFHTVSGGHNTVSGSNN 099 
LpIRI3      SNNTVVSGNDNTVTGSNHVVSGTNHIVTDNNNNVSGNDNNVSGSFHTVSGGHNTVSGSNN 235 
LpIRI-a     SNNTVVSGNDNTVTGSNHVVSGTNHIVTDNNNNVSGNDNNVSGSFHTVSGGHNTVSGSNN 237 
LpIRI-b     SNNTIASGSDNIVTGSNHIVCGTKHIITDNNNDVSGNDNNVSGSFHTVSGSHNTVSGSNN 257 
 
 
TaIRI-1     LYLGATMSYLGATRS----- 280 
TaIRI-2     VVSGRNHVVSGNNKVVTGG- 409 
LpIRI1      TVSGRNHVVSGSNKVVTGG- 285 
LpIRI       TVSGSNHVVSGSNKVVTDA- 118 
LpIRI3      TVSGSNHVVSGSNKVVTDA- 254 
LpIRI-a     TVSGSNHVVSGSNKVVTDA- 256 
LpIRI-b     TVSGSNHVVSGSNKVVTGDE 277 
 
 
Fig. 1 
101 
 
 
1
10
100
1000
10000
100000
0 h 1 h 4 h 12 h 1 d 7 d
R
e
la
tiv
e
 
m
R
N
A 
a
bu
n
da
n
c
e
 
(in
 
lo
g 
s
c
a
le
)
Length of cold acclimation
LpIRI-a LpIRI-b
 
Fig. 2 
102 
 
 
A 
 
B  
 
Fig. 3 
103 
 
 
Col-0                        EV-6                        LpIRI-b LpIRI-a 
 
Fig. 4 
104 
 
 
A 
0
20
40
60
80
100
4 -3 -4 -5 -6
Io
n
 
le
a
ka
ge
 
(%
)
Temperature (ºC)
Col-0 (WT)
EV-6
LpIRI-b-4
LpIRI-b-8
LpIRI-a-7
LpIRI-a-9
 
B  
0
10
20
30
40
50
60
70
80
-5 -6 -7 -8 -9 -10
Io
n
 
le
ak
ag
e 
(%
)
Temperature (ºC)
Col-0 (WT) EV-6 LpIRI-b-4
LpIRI-b-8 LpIRI-a-7 LpIRI-a-9
 
Fig. 5 
105 
 
 
 
A  
Line    L     WT   WT 1       2       3 1      2       3       4           
IPTG            - +           IRI-b line                 IRI-a line
25.9 KD 
19.4 KD 
37.1 KD 
Target proteins
 
B  
0
10
20
30
40
50
60
70
80
LpIRI-a LpIRI-b pQE-40 + DHFR
S
u
rv
iv
a
l r
a
te
 (
%
) 
Transgenic E. coli  cells
uninduced
IPTG induced
 
Fig. 6 
 
Fig. S1
106 
 
 
Appendix  
Purification and functional analysis of E. coli expressed LpIRI-a and LpIRI-b proteins 
Materials and Methods 
IPTG induced E. coli cells were harvested and the target His-tagged protein was purified 
under native condition by using Ni-NTA Spin Kit (QIAGEN, Valencia, CA) as 
recommended by the manufacture.  To test the in vitro function of the LpIRI-a and the 
LpIRI-b proteins, the purified protein sample was added to 10 µl of overnight culture of E. 
coli strain DH5α to a final concentration of 0.2 mg/ mL and 1 mg/mL.  The E. coli samples 
were frozen at -20 °C for 2 hours and then were frozen at -80 °C for 24 h.  Cell cultures 
contained 0.2 mg/ mL and 1 mg/mL of bovine serum albumin (BSA) or water were used as 
controls.  The culture was then thawed on ice and diluted to 10-6 of the original concentration 
and 150 µl of diluted culture was plated out in LB plates.  Number of colonies was counted 
after culturing at 37 °C for 15 h.  A same amount of culture was plated out in LB solid plate 
before freezing to obtain the total number of colonies in the original culture.  The survival 
rates were calculated by using the number of colonies from the cells subjected to freezing 
temperatures divided by the total number of colonies in the original culture.   
Results 
A total of 50 ~ 200 µg of His-tagged LpIRI-a or LpIRI-b protein with a concentration of 0.5 
~ 1.5 mg/mL were purified from 50 mL of cell culture, depending on the transgenic lines.  
Cells carrying pQE-40 with mouse DHFR gene usually produced highest amount of protein 
under the same conditions.  By adding 0.2, or 1.0 mg/mL of the His-tagged LpIRI-a or 
LpIRI-b protein to E. coli strain DH5α, no cell or very few cells were survived after freezing, 
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the survival rate was much lower than the survival rates from the cells frozen with a same 
concentration of BAS or pure water. 
Discussion 
Unfortunately, the in vitro tests showed that no E. coli cells were survived after frozen with 
0.2, or 1 mg/ml of each His-tagged LpIRI proteins, which was much lower than the survival 
rate in a same amount of BSA or water.  The most possible explanation for this phenomenon 
is that the cells were killed by the high concentration of imidazole.  Because a 500 mM of 
imidazole solution is required to elute the His-tagged protein from the Ni-NTA column, and 
the final concentrations in the cell cultures used for freezing was still as high as 200mM to 
400mM, this concentration range is very like toxic to E. coli cells as mentioned by the 
material safety data sheet of imidazole.   
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CHAPTER 5.  GENERAL CONCLUSION 
In this study, analysis of freezing-induced ion leakage revealed that freezing tolerance 
of the perennial ryegrass cv. Caddyshack was continuously increased from 1 d to 14 d of cold 
acclimation.  About 3,000 quality ESTs were generated from two cDNA libraries that were 
constructed from cold-acclimated (CA) and nonacclimated (NA) perennial ryegrass cv. 
Caddyshack plant materials.  Comparative analysis of EST indicated that over 60 EST groups 
were either increased or decreased three times or more in the CA library than in the NA 
library.  Reverse transcriptase PCR (RT-PCR) analysis confirmed that the expression patterns 
for 19 out of the 23 selected genes were consistent with the EST abundance analysis.  A 
cross-species microarray study was performed by using perennial ryegrass RNA to hybridize 
with Affymetrix barley gene chips and the results revealed that selection of proper 
background correction and normalization methods is critical for the success of cross-species 
microarray studies.  By using a specific three-step normalization method, i.e. IdealMM + 
scaling + tukey.biweight, a total of 2,870 (12.6%) genes out of approximately 2,2000 genes 
on the barley gene chip were identified as differentially regulated by either 1 d or 7 d of cold 
acclimation.  Quantitative reverse transcriptase PCR (qRT-PCR) analysis confirmed that the 
expression patterns of fourteen selected genes are consistent with the signal intensity patterns 
observed in the microarray study.   
Gene ontology (GO) analysis of differentially regulated genes identified through 
either comparative EST analysis or microarray study indicates that diverse biological 
processes, cellular components or molecular functions responded differentially to cold 
acclimation.  Our results suggest that many cold-regulated (COR), dehydration-responsive 
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(Dhn), and ice recrystallization inhibition (IRI) genes were greatly up-regulated by cold 
acclimation. Up-regulation of the biological processes of embryonic development, gene 
expression regulation, translation, and down-regulation of the biological process of 
photosynthesis are important in increasing freezing tolerance of perennial ryegrass.  
Meanwhile, differential regulation of the biological processes of cell communication, 
metabolites and energy precursor generation and response to extracellular stimulus, are also 
important for plant to adapt to cold temperatures.  The molecular function of structural 
molecule activity, enzyme regulator activity, RNA binding, and receptor activity were up-
regulated, and oxygen binding and receptor binding were down-regulated during cold 
acclimation.  
Two genes encoding IRI proteins, LpIRI-a and LpIRI-b, were identified in the 
perennial ryegrass cv. CaddyShack.  Amino acid alignments among the IRI proteins revealed 
that many conserved repetitive IRI-domain motifs (NxVxxG/NxVxG) are present in both 
LpIRI-a and LpIRI-b proteins.  qRT-PCR analysis revealed that both LpIRI-a and LpIRI-b 
genes were up-regulated by dozens of fold after 1 h of cold acclimation, and the transcripts 
kept accumulating up to thousands of fold by 7 d of cold acclimation.  qRT-PCR analysis 
also revealed that both genes were not responsive to ABA, NaCl, and drought treatment in 
perennial ryegrass.  Overexpression of the LpIRI-a and LpIRI-b in Arabidopsis showed that 
both genes can increase the survival rates and decrease freezing-induced ion leakage of the 
transgenic plants after they were subjected to freezing temperatures.  Expression of LpIRI-a 
and LpIRI-b proteins in E. coli suggested that the expressed exogenous proteins enhanced 
freezing tolerance of the host E. coli cells.  
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